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Introduction

In the history of Mars exploration its atmosphere and planetary climatology
aroused particular interest. The pressure, temperature, wind speed, the optical
depth of the aerosols and their physical characteristics, and the abundance of
gases in the atmosphere are the principal quantities on which the attention is
focused on. All these amounts may vary with time and place, and, regarding
to the abundances of atmospheric gases, we must also take into account the
photochemical processes which normally occur in the atmosphere of Mars.

In the study of the minor gases abundance in the Martian CO2-rich at-
mosphere, which constitutes about 95% of it, water vapor became especially
important, both because it is the most variable trace gas, and because it is
involved in several processes characterizing the planetary atmosphere. In fact,
the water vapor photolysis controls the Mars atmosphere photochemistry, pro-
ducing odd hydrogen species, such as H, OH, HO2 and H2O2. The latest mean
global models of Mars photochemistry were calculated by Nair et al. (1994)
[155] and by Krasnopolsky (1995) [118].

The carbon monoxide (CO), produced by the CO2 photodissociation, is
closely related to water vapor not only by photochemical causes, such as the
CO2 catalyzed recombination (CO+OH → CO2 +H), but also by dynamical
e�ects. The water vapor is a condensable species, while the carbon monoxide
is a non condensable one, so they respond di�erently to atmospheric processes.

The �rst observations of Mars atmosphere composition were made using
ground-based instruments in the �rst `60 [193]. About the seasonal evolution
of water vapor, the �rst data set was provided by the Echelle-Coudé scanner
at McDonald Observatory during the period between 1972 and 1974 [31] and
later by the MAWD spectrometer on board the Viking 1 lander using the 1.38
µm absorption band. The main result obtained from this experiment was the
coverage of the complete seasonal cycle on Mars, showing a variability of water
vapor abundance from a few up to about 100 pr.µm (precipitable microns).
These results suggested a water vapor exchange between the atmosphere and
the super�cial reserves, as permanent and seasonal polar caps and regolith,
and a clear transport from north to south caused by the global circulation
[113].

At the end of the '80s and in the '90s data acquired by new spacecrafts
were available. The ISM spectrometer on board the Phobos 2 measured a mean
column density of 9±3 pr.µm in the south and of 12±3 pr.µm in the north
[176]. Another instrument on Phobos 2, AUGUSTE, provided an independent
measurement of 10 pr.µm of water with an abundance of 150 ppm up to an
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altitude of 12 km decreasing down to 3 ppm at 40 km [117]. All these obser-
vations were made around Ls1 = 10°. In 1997 the photocamera on board the
lander Path�nder photometrically measured a column density of 6±4 pr.µm
in the �Ares Vallis� region at Ls = 150° and a water vapor con�nement in the
boundary layer (1-3 km upon the surface) [202].

In the period between 1999 and August 2004 the �Thermal Emission Spec-
trometer� (TES) on board theMars Global Surveyor acquired spectra covering
the spectral band 20-45 µm. These data cover more than three Martian years
always at 14:00 local time [186]. A reanalysis of TES acquired spectra has
lowered the water vapor results by 30% [189]. The whole seasonal coverage
includes three summers of the northern hemisphere and shows a maximum
water vapor column density from 55 pr.µm to 80 pr.µm varying in the three
di�erent years. Recently, Smith et al. [190] published also the water vapor
results obtained from MRO/CRISM data.

At the same time, water vapor was studied using Earth-based instruments
in the 0.82 µm band. The large dataset thus obtained by Sprague et al. [196]
allowed a comparison of two Martian years during the northern summer and
showed a variation up to a factor 3 between the two years. Although the
general trend of the seasonal cycle was reproduced quite well, they detected
only 36.4 prµm at 71.2° N during Ls = 100°, ie during the sublimation of the
permanent north polar cap. The maximum detected amount of water was
about 40-45 prµm at latitudes around 60-80° N before and after the summer
solstice [194].

Since January 2004 Europe has been contributing to the Mars exploration
with Mars Express. Water vapor in the atmosphere has been studied by the
three spectrometers on board: Encrenaz et al. [67] and Melchiorri at al. [145]
published H2O measurements by the OMEGA spectrometer, which covers the
2.6 µm band, Fedorova et al. published results on the 1.38 µm band using the
SPICAM intrument [76] and, �nally, Fouchet et al. [86] analyzed the water
vapor absorption band around 25 µm with the LW of PFS, while Tschimmel
et al. [204] and Sindoni et al. [183] studied the water vapor trend using the
2.6 µm band covered by the SW of PFS. The last work [183] has been carried
out in the context of this thesis.

Although water vapor and a few atmospheric species involved in Mars pho-
tochemistry, such as O3 [73, 74], H2O2 [69] and the O2 [21, 124], were observed
and studied with a close examination, we do not know much about the carbon
monoxide. Regarding the CO study in the Mars atmosphere, Krasnopolsky
[124] published a paper in which the CO mixing ratio variations are shown as
observed from Earth with the IRTF/CSHELL instrument using the 1.57 µm
band spectroscopy. Another paper was published by Encrenaz et al. [68] about
the study of the CO concentration variations over Hellas region as observed

1The Martian seasons are usually dated in terms of Aerocentric Longitude (Ls), which
describes the position of Mars in its orbit around the Sun. Ls = 0° is de�ned as the vernal
equinox in the northern hemisphere (autumn equinox in the southern hemisphere), with Ls
= 90°, 180° and 270°, corresponding respectively to the summer solstice, autumnal equinox
and the winter solstice for the northern hemisphere.
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by OMEGA instrument on board the Mars Express, but the �rst description
of the seasonal dependence of the carbon monoxide mixing ratio over a wide
latitude range was given by Smith et al. [190] from CRISM data. Recently two
papers on the CO observations from PFS-MEX data were also published: the
�rst is a study of the 4.7 µm band by Billebaud et al. [38], but in this case the
data set was rather limited, followed by the wide study about the geographical
and seasonal CO distribution by Sindoni et al. [183] obtained analyzing the
2.36 µm band. Also in this case the last work [183] has been carried out in the
context of this thesis.

The study of carbon monoxide is of primary importance for the so-called
�stability problem� of the Mars atmosphere. In fact the CO2 dissociation in
CO and O by photolysis should destroy the whole atmosphere in 6000 years.
Then, the CO is recombined forming again CO2 thanks to the catalysis of H2O
photolysis products. The lack of many simultaneous measurements of water
vapor and carbon monoxide makes their comparison an issue of great interest
for the understanding of photochemical and dynamical processes involved in
the Mars planetary atmosphere. So, the aim of this work is to investigate these
two atmospheric species and their connections.

The study of the water vapor and carbon monoxide distributions is very
important because they can be used as tracer for many dynamical processes in
the Martian atmosphere. One of the most interesting process is the presence
of �planetary waves�: in the Mars atmosphere the interaction between strong
winds and the zonally varying topography excites quasi-stationary waves, which
take the form of planetary waves [105]. The stationary waves can in�uence the
stability of the atmosphere and play a signi�cant role in the heat transport
from the equator to the pole [28]. Ban�eld et al. [27] were able to isolate the
s = 1 and s = 2 stationary waves using TES data, while Wilson [212] shows
the stationary wave pattern in TES data at Ls = 120°�140° and Hinson et al.
[104] identi�ed both stationary waves and thermal tides in radio occultations
from MGS for Ls = 75° and 66° N latitude. Finally, Hinson et al. [105] ob-
served stationary planetary waves in the Southern Hemisphere of Mars using
two independent instruments (TES and RS) on board the Mars Global Sur-
veyor (MGS) during midwinter (Ls = 134°�160°). These complex dynamical
processes can force the zonal/regional circulation and possibly a�ect the local
distribution of minor species in the atmosphere. Therefore, by studying the
in�uence of planetary waves on longitudinal gaseous distribution and thermal
pro�les we can also get indirect information about their vertical distribution.
Infact, although the geographical and seasonal distribution of water vapor and
carbon monoxide in the Martian atmosphere was widely studied, we have only
indirect information about their vertical distribution. The reason for this lack
in the knowledge of minor species vertical distribution lies in the absence of a
stable algorithm able to retrieve the gaseous concentrations by limb measure-
ments. The di�culty in modelling the radiative transfer for limb geometries
is caused by the multiple scattering treatment, which becomes very important
in the infrared range when the atmosphere contains dust and/or water ice
aerosols particles (the typical case of Mars). One simple solution is to adapt
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a multiple scattering algorithm developed for nadir or pseudo-nadir measure-
ments with the use of the Curtis-Godson approximation. This approximation
replaces an inhomogeneous path with a homogeneous one by using average val-
ues for the various band-model parameters. The Curtis-Godson approximation
is very accurate for paths where the temperature and concentration gradients
are not particularly steep. This solution, obviously, introduces uncertainties
that can be important when simulating limb acquisitions of the Martian at-
mosphere. Therefore, the best solution is to develop a new algorithm able to
take into account the multiple scattering by aerosols particles using a radiative
transfer code for optically spherically-symmetric parametrically-de�ned atmo-
sphere. This is the case of the �Monte-Carlo�-based codes, which calculate the
spectral monochromatic intensity by a statistical modeling.

In this thesis we will study the variability of water vapor and carbon monox-
ide in the atmosphere of Mars from data by the PFS (Planetary Fourier Spec-
trometer) instrument on board Mars Express. It is developed in seven chapters.
In the �rst chapter we will provide an overview of the planet Mars, whereas
in the second one we will focus on the planetary atmosphere, with particular
attention to the photochemistry and stability problem. In the third chapter we
will describe in detail the Mars Express mission, reviewing some instruments
on board and ending with the accurate description of the PFS instrument. In
the fourth chapter we will describe the data analysis method developed specif-
ically for the concentrations retrieval of atmospheric water vapor and carbon
monoxide by nadir and pseudo-nadir (�slant�) PFS measurements. In chapter
�ve we will report experimental results thus obtained about the seasonal and
geographical mapping of water vapor and carbon monoxide, their variability
and correlations/anticorrelations. In the sixth chapter we will use the water
vapor and carbon monoxide retrieval method, together with thermal pro�les
retrieved by PFS, to investigate important atmospheric dynamical processes,
as the planetary waves, and thus to get indirect suggestions about their ver-
tical distribution. Finally, in chapter seven, we will describe the �rst attempt
to develop a stable retrieval algorithm for the retrieval of minor atmospheric
species by limb measurements, based on the statistical Monte-Carlo modeling,
with particular attention on the scattering treatment.
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Chapter 1

Mars

Mars, the fourth planet of our Solar System, takes its name from the Roman
god of the war because of its reddish color, evident to the naked eye and
more visible with a telescope. Its apparent magnitude reaches -2.9 [211], a

Figure 1.1: Mars as observed by the Hubble Space Telescope.

brightness lower only than the one of Venus, of the Moon, of the Sun, and
in most cases even than the one of Jupiter. It has many features in common
with the Earth. Although its diameter is only slightly more than half of the
Earth one, its structure is typical of a di�erentiated planet: a central metallic
core is surrounded by a mantle, which is in turn covered by a crust. A very
thin atmosphere contains clouds of water ice and dust, while the considerable
inclination of the rotation axis on the plane of the orbit around the sun causes
a marked alternation of seasons. A wide variety of geological formations and
giant volcanoes are evidence of an intense internal activity now extinct. The
reddish color of the soil indicates the oxidation of the surface rocks, where we
can �nd evidence of the role of water in the mineralogical evolution of Mars.
Nevertheless, we do not know yet if the water existed in liquid form, or as it is
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today, it was only solid (as ice) or as vapor. A clue that would lead to believe
that liquid water has �owed on the Martian surface is the presence of vast
dry gorges (canyons). But, to allow the existence of liquid water, the total
pressure of water vapor should have been more than 6.1 mbar, value that is
considerably higher than the current value.

Since Mars is more massive than the Moon and Mercury, it kept for a long
time high temperature, which gave rise to a considerable geological activity
and led to an intense volcanism. Finally, the introduction of large quantities
of water and carbon dioxide in the atmosphere occured. This, in turn, has
raised the surface temperature because of the greenhouse e�ect. Generally, it
is conceivable that the thermodynamic conditions (pressure and temperature)
allowed the existence of water in all the three phases. One possible consequence
is that Mars could have been a site of biochemical evolution.

The internal energy of the planet decreases with time, since the radioactive
decay generates heat, which is gradually dissipated. Today, Mars is probably
geologically quiescent, while the Earth, more massive, is still very active. From
the standpoint of comparative planetology, Mars is unique since it allows us
to track the complete evolutionary history of an active planet. Moreover, it
is also close enough to be accessible for space exploration, and for this reason
many missions have already been undertaken and others will be undertaken in
the future.

Mars currently hosts three working spacecraft: Mars Odyssey, Mars Ex-
press and Mars Reconnaissance Orbiter, while on the surface there are two
Mars Exploration Rovers (Spirit and Opportunity), the Phoenix lander, the
Mars Science Laboratory (Curiosity), and other landers and rovers that have
been completed or failed their mission. Geological evidence gathered by this
and previous missions con�rms the hypothesis of a past large-scale coverage of
water on Mars, while observations also indicate that small geyser-like streams
of water were present during the past decade [1].

Mars has two moons, Phobos and Deimos, which are small and irregularly
shaped, a characteristic that would suggest their origin as captured asteroids.

In this Chapter we will introduce the planet Mars and all its general char-
acteristics leaving the atmosphere to be discussed in greater details in next
Chapter.

1.1 Mars Observation by Spacecraft

The �rst map of Mars, taken from astronomical observations, dates back to
the 17th century. However, unlike the case of the Moon, which is a thousand
times closer, the red planet was known very little even at the dawn of the space
age.

In the 1960s, Americans and Soviets took turns, withMars andMariner
probes, to photograph the surface, to analyze the atmosphere, and to measure
some of general physical properties. The �rst 21 photographs transmitted by
Mariner 4 in 1965 revealed a body marked by impact craters, just like the
Moon: Mars appeared as a geologically dead planet, and the Mariner 6 and
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7 missions con�rmed this hypothesis. The Mariner 9 probe, which orbited
around the planet in 1971-2, transmitted the �rst complete set of photographs
of the surface (about 7300 photos), giving an almost full coverage, with a
resolution better than 5 km. Due to its orbit, it was even possible to obtain a
resolution of a few hundreds of meters on a surface portion. These photographs,
sent in digital form, were the bases of the �rst detailed geological maps of
Mars. Mariner 9 revealed a wide range of geological structures, particularly
giant volcanoes and canyons. However, none of the observed canyons is one of
the famous Schiaparelli's canals that earlier astronomers thought to have seen
on Mars.

The next step in the exploration of Mars was reached with the spectacular
American Viking program, which consisted of two spacecrafts, each of them
with a landing probe (a lander), able to collect and analyze samples in situ,
and with a orbiter, designed to observe the planet from low orbit and transmit
to Earth all the data obtained, including those from the landers. The �rst
landing took place on July 20th, 1976 in the region of Chryse Planitia (27.2°
north latitude, 47.97° longitude). The second probe landed on the following
September 3rd, in a region called Utopia Planitia (47.7° north latitude, 225.7°
longitude), which is located 6500 km far from the �rst. The observations made
by the orbiters provided more than 50000 photographs of the surface, with a
resolution ranging from 10 to 150 m depending on the particular observed area
[2].

Since the end of the Viking program, in November of 1982, space explo-
ration of Mars has experienced a moment of stasis. After the Soviet Phobos
mission in 1989, and despite the unfortunate failure of NASA Mars Ob-

server mission in 1993, exploring the red planet has been moving towards
a more systematic study of the planet. In fact, in 1996, NASA launched the
Mars Global Surveyor[3]. The mission was a complete success, ending its
primary mapping mission in early 2001. The contact with the spacecraft was
lost in November 2006 during the third extension of its program, spending ex-
actly 10 operational years in the space. Only a month after the launch of the
Surveyor, NASA launched the Mars Pathfinder, which carried a robotic
rover, Sojourner, which landed on Mars in Ares Vallis. That mission was suc-
cessful, and received much publicity, partially due to a many images the probe
sent to Earth.

In 2001 NASA launched theMars Odyssey orbiter, which is still in orbit
and its mission ending date has been extended until 2010, being the longest-
working spacecraft ever sent to Mars. The Gamma Ray Spectrometer on board
the Odyssey measured signi�cant amounts of hydrogen on the Martian surface.
It was suggested that this hydrogen may have been contained in large deposits
of water ice [44].

In 2003, ESA launched the Mars Express spacecraft, consisting of the
Mars Express Orbiter and the lander Beagle 2. The latter failed during its
landing phase and was declared lost in February 2004 [206]. In early 2004 the
team of the Planetary Fourier Spectrometer (PFS) announced the detection
of methane in the Martian atmosphere [83]. Finally, the ESA announced in
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June 2006, the discovery of auroras on Mars [36].

Figure 1.2: Image representing the Mars Express Orbiter with the Beagle 2 lander.

In 2003 too, NASA had launched theMars Exploration Rovers named
Spirit (MER-A) and Opportunity (MER-B). Both missions had landed suc-
cessfully in January 2004 and had completed their goals. Among the most
signi�cant scienti�c results, there was the conclusive evidence that liquid wa-
ter has existed for some time in the past in both landing sites. Occasional dust
storms cleaned the solar panels of both rovers, thus increasing their life span
[4].

Figure 1.3: Image representing the Spirit rover (MER-A).

On August 12, 2005 NASA Reconnaissance Orbiter was launched
toward the planet and arrived in orbit on the 10th of March 2006 to conduct a
scienti�c observation for two years. The orbiter task was to map the Martian
surface and climate to �nd suitable landing sites for future missions. It also
contains an improved telecommunications link, with more banda width than
the combination of the previous missions. The Mars Reconnaissance Orbiter
captured the �rst image of a series of active avalanches near the north pole on
March 3rd, 2008 [5].

The most recent mission on Mars is the NASA Phoenix lander, which was
launched on 4 August 2007 and arrived on the northern polar region of Mars
on May 25, 2008 [6]. The lander has a 2.5 m robotic arm able to dig up to a
meter deep in the Martian soil. The lander has a microscopic camera with a
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Figure 1.4: Image of the Phoenix lander.

resolution capable of resolving objects with dimensions of a hundredth of the
human hair thickness, as to identify the composition of the soil in its landing
site. By this instrument the presence of water ice has been con�rmed on June
20, 2008 [7].

On the 25th of February 2007, the Rosetta spacecraft performed a "�y
by" on Mars for a gravity assist on its ten-year journey towards the comet 67P
Churyumov-Gerasimenko. The closest approach to the planet occurred at a
height of 250 km. The success of this step in the vicinity of Mars allowed to
verify the correct operation of the instruments on board the vehicle, as well as
their results allowed comparisons between simultaneous observations acquired
by the Mars Express orbiter. Similarly, the Dawn satellite performed a "�y
by" on Mars in February 2009 in its path toward the investigation of Vesta
and Ceres.

The Phoenix lander is followed by the Mars Science Laboratory

(named Curiosity), launched on the 26th of November 2011 and successfully
landed in Gale Crater on the 6th of August 2012. It is a larger and faster (90
m/h) version of the Mars Exploration Rovers. The overall objectives include
investigating Mars' habitability, studying its climate and geology, and collect-
ing data for a manned mission to Mars. Among its experiments it includes a
samples laser analyzer, which is able to deduce the composition of rocks from
a distance of 13 m [8].

The samples return mission from the satellite Phobos, the so-called Phobos-
Grunt, born by a collaboration between Russia and China, launched on the
8th of November 2011, failed because of a malfunction of the propulsion system
of the carrier due to a wrong orientation, which prevented the solar panels to
receive the light needed to power electronic systems on board.

Regarding the future missions, ExoMars (Exobiology on Mars), which is
currently under development by the European Space Agency (ESA) with col-
laboration by the Russian Federal Space Agency (Roscosmos), is a robotic
mission to Mars in search for possible biosignatures of Martian life, past or
present. The program includes several spacecraft elements to be sent to Mars
on two launches. An orbiter and a static lander are planned for 2016, and a
Russian lander to deliver the rover is planned for 2018. The ExoMars rover
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will be able to dig 2 m down in the soil looking for organic molecules[9].
MetNet is an atmospheric science mission to Mars, initiated and de�ned

by the Finnish Meteorological Institute. The mission includes sending several
tens of MetNet landers on the Martian surface. The objective is to establish
a widespread surface observation network on Mars to investigate the planet's
atmospheric structure, physics and meteorology. A precursory mission consist-
ing of one lander is scheduled for launch in the launch window starting from
2014. Other launches are planned in extended time windows up to 2022.

1.2 Orbital Characteristics, General Physical Prop-

erties and Internal Structure

The main features of Mars are summarized in table 1.1.

Heliocentric Distance 1.52 U.A. = 227 940 000 Km
Revolution Period 1.8808 anni = 686.98 giorni
Obliquity1 25° 11'
Orbital Eccentricity 0.093
Orbital Inclination to the Ecliptic Plane 1° 51'
Mean Orbital Speed 24.14 Km/sec
Mass 6.42·1023 Kg
Mean Radius (3389.508±0.003) Km
Mean Equatorial Radius (3396.200±0.160) Km
North Polar Radius (3376.189±0.050) Km
South Polar Radius (3382.580±0.050) Km
Mean Density 3940 Kg/m3

Ellipticity 0.0052
Equatorial Surface Gravity 3.72 m/sec2

Escape Velocity 5000 m/sec
Minimum Surface Temperature 150 K
Maximum Surface Temperature 310 K
Rotation Period 24h 37m 22s
Mean Albedo 0.25
Maximum Visual Magnitude -2.01
Number of Satellites 2

Table 1.1: Main orbital, physical and geodetic parameters of Mars.
1The Obliquity is de�ned as the inclination of the axis of rotation with respect to the orbital

plane.

We can note that Mars has a much smaller average density than the Earth
one. Although we have to take into account the di�erent degrees of internal
compression, this probably indicates a lower iron content in Mars: about 25%,
compared to 33% of the Earth. This lower overall content is, however, ac-
companied by a higher concentration in the outer layers (the crust and the
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mantle). This could lead to think that there is no metal core, but we have to
take into account the value of the total moment of inertia, which is estimated
to be 0,365, expressed in terms of the ratio C/(M ·R2), where C is the moment
of inertia on the axis of rotation, M is the mass, and R is the mean radius.
This value is typical for a body with a high concentration of the central mass.
The problem can be approached in another way, as the Soviet probe Mars 3
and Mars 5 measured a very weak magnetic �eld: their magnetometers found a
�eld of about 60 nanoTesla near the equator (at an altitude of 1500 km). This
should correspond to a dipole moment of 2.4 × 1022gauss/cm3, about 1/4000
of the Earth value. Therefore, we expect that the liquid iron core of Mars,
if it exists, is very small, or because of its dynamic properties prevents any
signi�cant dynamo e�ect. This does not exclude, however, the presence of a
solid iron core.

Although Mars has not a signi�cant intrinsic magnetic �eld, observations
show that parts of the planet crust have been magnetized and that alternating
polarity reversals of its dipolar �eld occurred. This paleomagnetism of mag-
netically susceptible minerals has properties very similar to those represented
by the alternating bands found on Earth ocean �oors. A theory, published in
1999 and revised in October 2005 (with the help of the Mars Global Surveyor,
�g. 1.5), suggests that these bands demonstrate plate tectonics on Mars 4
billion years ago, before the mechanism of planetary dynamo fail to operate,
and that this caused the disappearance of the intrinsic magnetic �eld [90].

Figure 1.5: Map of Mars, where colors represent the strength and direction of the

�eld generated by the magnetization of the crust, obtained from the analysis of data

acquired by the Mars Global Surveyor.

Although at the moment we have information provided only by few mea-
surements made in order to identify unambiguously the internal structure of
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Mars, it is generally believed that the planet is covered by a crust, which con-
sists primarily of hydrated silicates. Its thickness, although it is not the same
all over the planet, is about 50 km, with a maximum of 125 km. A mantle
below, thick a few hundred kilometers, undoubtedly contains olivine, a mag-
nesium iron silicate having the general formula (Mg,Fe)2SiO4, and iron oxide
FeO. The thickness of this mantle would avoid any type of tectonic activity
as observed on the Earth. Finally, the central core (about 1480 km in radius)
consists of a mixture of iron and ferrous sul�de FeS (about 14-17%). This
ferrous sul�de is partially �uid and is enriched with a double concentration of
lighter elements if compared to the core of the Earth [114].

Figure 1.6: Model of the possible core structure of Mars.

Mars is not a perfect sphere: its �attening is greater than the Earth one.
The north polar radius is 20 km less than the mean equatorial radius. Hence,
we �nd that the relationship between this di�erence and the mean equatorial
radius is equal to 1:192, compared with the same ratio of 1:298 for the Earth.
Furthermore, the di�erences in altitude are much more pronounced, and show
a strong north-south asymmetry.

In the southern hemisphere, below the level of the average area of the
planet there are two extended and deep basins, Argyre Planitia and Hellas
Planitia. The bottom of Hellas, at about -9 km, is the lowest point on Mars.
These basins were probably produced, such as the large lunar basins, by the
impact of large asteroids about 4 billion years ago. In general terms, the
southern hemisphere contains ancient lands, which are covered by craters, and
its average altitude is low.

In the north, on the other hand, there are very high areas, including Tharsis
Ridge, where the elevation of the crust (about 6 km) is at its maximum. It is on
this plateau, three giant volcanoes of Mars were found, all lined up and having
similar height. Not far from here stands the Olympus Mons (Fig. 1.7), more
than 25 km high, and 700 km in diameter. It is probably the biggest volcano in
the Solar System. In agreement with the method of dating through the study
of the craters, the lifting of the Tharsis plateau occurred between 4.1 and 3.3
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billion years ago. The volcanic complex does not appear, however, until about
3 - 2.5 billion years ago. The huge size of volcanoes indicates the presence of a
lithosphere thick enough to carry them. This can be explained as follows: in
the absence of plate tectonics (commonly accepted hypothesis), the volcanoes
were on magma areas and as a result the accumulated lava has increased the
size of these structeres until the local sources of magma remained. It seems
that this volcanism lasted until recent time, i.e. until a couple of hundreds
of millions of years ago. The activity of smaller volcanoes (all placed in the
northern hemisphere), on the other hand, would have ceased a long time before
in the history of the planet. However, perhaps it should not be ruled out the
possibility of some, albeit limited, residual phenomena of volcanism today.

Figure 1.7: 3D Image of the Olympus Mons as seen from the north-east side.

Mars has a gigantic network of canyons, placed around Valles Marineris,
a canyon cutting across one entire hemisphere of Mars, with a length of 5000
km, depth of up to 7 km, and an average width of 200 km. It originates in
the west side of the Tharsis Ridge and extends eastward, lieing approximately
on the equator. The photographs clearly show these canyons as the result
of river-like erosion, which implies that liquid water must have been able to
�ow on the surface. It has been suggested, in particular by Masson [141],
a model based on the observation of the geological surface. This suggests
that the initial growth of the planet was followed by a deep outgassing, which
produced a dense and hot atmosphere, particularly rich in water vapor. As
soon as the surface cooled, this water condensed, causing rain and an intense
erosion. Later the water seeped into the soil, and once it reached the freezing
point, there was the gradual growth of the thickness of the permafrost. The
�nal melting of these masses of ice, probably triggered by volcanic activity,
produced severe �ooding, which dug the network of canyons we can observe.

Apart from the geological formations on a large scale (impact craters, volca-
noes and canyons) a whole set of morphologically complex structures on Mars
can be seen: faults, landslides and valleys. Therefore the tectonic activity has
taken place on Mars, but this was di�erent from the tectonic plates found on
Earth: none of the associated geological formations (mountainous regions, in
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particular) are observed on Mars, and there are not two types of crust (oceanic
and continental).

Figure 1.8: Topographic map of Mars, compiled in the summer of 1999 from data

acquired by the Mars Orbiter Laser Altimeter (MOLA) on board the NASA's Mars

Mars Global Surveyor (MGS).

Large regions of sand dunes, especially near the north polar cap, are visible.
They are the direct result of the violent winds that sweep the surface. These
are also responsible for the constant wind erosion taking place on Mars. This,
in particular, is the process which destroys the impact craters with diameters
below about one hundred meters. The redistribution of the particles also
produces layered deposits ("laminated area"), particularly in the polar caps.
These deposits act as tracers for the accumulation of the ice cap, and thus
they can be used as chronometers for the Martian paleoclimatology.

Studies of the impact craters density on the Martian surface allow us to
identify three broad periods in the geological time scale: as the oldest surfaces
have more craters, so the youngest ones have a smaller amount of them [45].
The eras are named after the places they refer to. The precise positioning of
these time periods is not known because there are many competing models
that describe the fall rate of meteors on Mars, so the dates given here are
approximate. The approximation used for this classi�cation of Martian eras is
based on the assumption of a temporal and spatial uniformity of the fall rate
of meteorites forming impact craters. From the oldest to the youngest, the
time periods are:

� Noachian Period (so called by Noachis Terra): Formation of the oldest
extant surfaces of Mars, between 4.6 and 3.5 billion years ago. Surfaces of
the Noachian age are marked by many large impact craters. It is thought
that the Tharsis plateau was formed during this period, accompanied by
large �oods of liquid water towards the end of the period.
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� Hesperian Period (so called by Hesperia Planum): from 3.5 to 1.8
billion years ago. This era is marked by the formation of extensive lava
plains.

� Amazonian Period (so called by Amazonis Planitia): from 1.8 billion
years ago to date. Regions formed in this era have few meteorite impact
craters but they are very diversi�ed. The Olympus Mons formed during
this period along with lava �ows elsewhere on Mars.

Recently it has been proposed a di�erent timeline based on the correlation
between the mineralogy and the geology of the planet. This proposal emerged
from recent observations by the OMEGA instrument (Visible and Infrared
Mineralogical Mapping Spectrometer) on board the Mars Express orbiter. The
proposed timeline divides planet history into three eras [210, 37]:

� Phyllocian Period (so called by the phyllosilicates minerals rich of clay
which characterize the era): it extends from the formation of the planet
to about 4 billion years ago. The formation of phyllosilicates requires the
presence of an alkaline environment rich in water. It is therefore believed
that the deposits dating from this period are the best candidates for
�nding evidence of past life on the planet.

� Theiikian Period (so called, in greek, by the sul�de minerals formed
at that time): from 4 billion to 3500 million years ago. This was a
period of volcanic activity. Also lava and various gases, particularly
sulfur dioxide, which, combining with the water created an acidic and
sulphurous environment, were released.

� Siderikian Period: from 3500 million years ago until today. With the
end of volcanism and the absence of liquid water, the most remarkable
geological process was the oxidation of iron-rich rocks by atmospheric
peroxides, leading to red iron oxides that give the planet its familiar
color.

Figure 1.9: Timeline from impact craters (top) and mineralogical timeline (below)

for the planet Mars.

1.3 The Composition of the Martian Soil

Part of the surface is covered by water (about 15%) and carbon dioxide (about
85%) in the form of ice. The polar ice caps may extend up to latitude 60° in
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winter. In spring, they partially sublimate recondensing at the other pole.
Under the Martian regime of pressure, the condensation temperatures of wa-
ter and carbon dioxide are respectively about 190 K and 150 K. Because of
this, there are permanent water ice caps (mostly in the north than the south),
while the carbon dioxide evaporates almost completely, condensing alterna-
tively on either a cap or the other. Furthermore, the water condensation in
winter, mainly at high latitudes, forms an ice surface. This covers only a part
of the surface, because the precipitation of the entire amount of atmospheric
water would correspond to a layer of only about one hundred mm [10]. The

Figure 1.10: Mars north polar cap (Planum Boreum) photographed by the Viking

orbiter.

south polar cap (Planum Southern) di�ers from the north polar cap (Planum
Boreum, �g. 1.10) as it appears to contain at least some permanent deposits
of CO2, which are changing with time scales order of years [11]. It was recently
con�rmed that the complete (seasonal + permanent) south polar cap is a 3
km thick slab of about 80% of water ice, whereas MEX/MARSIS measured
a residual cap thickness of 14 m [152]. NASA scientists calculated that the
volume of water ice in the south polar cap, if melted, would be su�cient to
cover the entire surface of the planet to a depth of 11 meters [12]. The extent
of water ice at the surface and the size of ice grains were monitored as a func-
tion of time for the northern polar cap by the MEX/OMEGA instrument[126].
Bright, small-grained frost, which initially covered a large fraction of the po-
lar cap, waned in favor of large-grained ice. In outlying regions, dominated
by large grained ice, the albedo increased over the period (Ls = 93°-127°).
Moreover, the spectral features observed by OMEGA on the dark longitudinal
dunes of Olympia Planitia can be unambiguously attributed to calcium-rich
sulfates, most likely gypsum. These observations reveal that water alteration
played a major role in the formation of the mineral constituents of the northern
circumpolar lands [127].

Moreover, the temperature beneath the surface, at latitudes greater than
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about 60°, would allow the ice to remain like this throughout the year. In that
case, these subsurface layers would form the equivalent of Earth permafrost
layers [116]. Their explanation has theoretical basis: although the thermody-
namic conditions currently prevent the existence of water in liquid form, it is
probable that a di�erent situation occurred in the past, when the internal ac-
tivity released large amounts of water vapor in the atmosphere. The presence
of grooves appears to indicate there was water �owing on the surface of the
planet; further it would have penetrated into the ground and would form thick
masses of underground ice. Another explanation is given by the observations:
some impact craters are surrounded, not by spokes structures as those found
when the impact takes place on rock or on dust, but by structures typical
of an impact on a �uid. These characteristics have been interpreted as the
result produced by a frozen, or even liquid, substrate: under the permafrost,
porous rocks would contain large amounts of liquid water. So some areas of
the Martian surface may form a several kilometers thick �hydrolithosphere�.

Using the Gamma-Ray Spectrometer on board the Mars Odyssey, Boynton
et al. [43] have identi�ed two regions near the poles that are enriched in hy-
drogen, which indicate the presence of a subsurface layer enriched in hydrogen
overlain by a hydrogen-poor layer. The thickness of the upper layer decreases
with decreasing distance to the pole, ranging from a column density of about
150 grams per square centimeter at -42° latitude to about 40 grams per square
centimeter at -77°.

Radar detection of subsurface ice on Mars has been widely debated even
because the dielectric signature of ice, as deduced from the dielectric constant,
can be confused with dry-silicate-rich materials. However, recent results by the
MEX/MARSIS and MRO/SHARAD instruments provided important indica-
tions about the Martian permafrost [41]. The attenuation coe�cient calcu-
lated from SHARAD data over the Deuteronilus Mensae region and Amazonis
Planitia suggest that the two regions have di�erent bulk compositions, with the
former being ice-rich sediments and the latter being nonconsolidated volcanic
deposits [41].

As well as for water, we assume the existence of traps also for the carbon
dioxide. Even though it is the major component of air, the absolute abundance
of CO2 is very low if compared, for example, with the Venus one. In the past
it was suggested the existence of a cycle, such as the one present on the Earth,
where a signi�cant fraction of carbon dioxide in gaseous form is trapped in sur-
face rocks (as carbonates), after its liquefaction. On Mars, the �rst successful
identi�cation of a strong infrared spectral signature from sur�cial carbonate
minerals of local scale (< 10 km²) was made by the MRO-CRISM team [62].
Their spectral modeling identi�ed a key deposit in Nili Fossae dominated by a
single mineral phase that was spatially associated with olivine outcrops. More-
over, carbonates mixed with the martian soil materials were observed by PFS
[163]. The materials that best reproduce the detected feature are Mg-rich car-
bonates (huntite [CaMg3(CO3)4] and/or magnesite [MgCO3]). The presence
of carbonates is demonstrated in both bright and dark martian regions and
the widespread distribution of carbonates supports scenarios that suggest car-
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bonate formation occurred not by precipitation in a water-rich environment
but by weathering processes.

Finally, the explanation of the low amount of CO2 in the atmosphere of
Mars can be found in a past gas escape from the planet, which reduced the
atmospheric pressure, or even in a signi�cant condensation occurred in the
past on the permanent south polar cap, where still CO2 would be in the form
of not sublimable ice. If the water is now mostly locked in permafrost and CO2

in the permanent south polar cap, we must determine where the Nitrogen is:
or in N-rich rocks, or as bark in the permafrost water ice. Under Martian
conditions, however, an e�cient mechanism of trapping has to be discovered
yet. It is possible that nitrogen escaped from the planet and it is also possible
that the process of escaping a�ected all the volatile species, including H2 O
and CO2.

The composition of the grains of "dust" on the surface of Mars was obtained
for the �rst time by the mission Mariner 9, thanks to a Michelson interferom-
eter (IRIS), which analyzed the Martian atmosphere. It obtained the infrared
spectrum between 5 and 50 µm, with a spectral resolution of 2 cm−1. From
these measurements we found evidence of an intense absorption centered at
about 1000 cm−1, which was attributed to the presence of particles raised into
the atmosphere during the dust storm of 1971-2. Therefore, attempts were
made to reproduce the same e�ect with terrestrial minerals and it was found
that the best result corresponded to a mixture of basalts and montmorillonite,
a clay formed by a water induced alteration of silicates.

Although related to their individual points on the surface, the experiments
carried aboard each Viking Lander led to important results. They analyzed
samples by their X-ray emission, which is typical of the chemical composition.
The soil is very similar in both sites of Viking 1 and 2, although these are very
far apart. But anyway, we cannot conclude from this information that there is
a considerable uniformity in the composition of Martian soil, because the two
sites were chosen speci�cally for their similarities.

Figure 1.11: Picture of the Martian surface taken by the Viking 1 lander.
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The main discovery is the importance of SiO2 (45±5%) and Fe2O3 (19±3%).
It is also important the high concentration of sulfur, which was unexpected: it
is about one hundred times the concentration of sulfur in the Earth crust. On
the other hand, the potassium is rare: it has been established an upper limit
of 0.25%, about �ve times less if compared to its concentration in the Earth
crust. Finally, we note that the density of the dust is 1.1±0.15 g/cm3, which
indicates that its porosity is about 60%.

It is possible to build a mineralogical model of the dust using all these data.
Its composition was compared with about one hundred of minerals and with
many possible mixtures. The best �ts are those obtained by mixing di�erent
kinds of clay, with montmorillonite Si2Al4O10(OH)2·nH2O as a base, mixed
with nontronite (where part of Al is replaced by Fe+++) and saponite (where
Al is replaced by Mg).

The analyzes performed by the X spectrometer aboard the Path�nder have
only partially con�rmed this suggestion. In fact, according to these data the
abundances of magnesium and aluminium would be higher, while the abun-
dances of iron, chlorine and sulfur seem to be lower. The rocks analyzed
were similar to andesites, terrestrial materials derived from the fractionation of
basalt in intrusive conditions. This discovery, therefore, has partially brought
into question the nature of the ma�c surface.

In June 2008, the Phoenix lander acquired data showing that the polar soil
is slightly alkaline and contains vital nutrients as magnesium, sodium, potas-
sium and chloride, all elements necessary for the growth of living organisms
[13]. Moreover, in August 2008, the Phoenix lander conducted simple chem-
istry experiments, mixing water brought from Earth with the Martian soil to
obtain its pH, and found traces of perchlorate salts. Their presence, if con-
�rmed, would seem to make the soil more exotic (non-endemic) than believed
before [46]. There are, however, necessary further tests to eliminate the pos-
sibility that the detection of perchlorates has been in�uenced by terrestrial
sources which may have been transported by the probe, both in those samples
and in the instrument [14].

The presence of clays on the surface of Mars can be explained in two ways:
�rst, one can assume that the silicates are altered by the water, particularly
in the form of vapor, that is, by the Martian atmosphere, and the reaction is
accelerated by solar ultraviolet radiation. Similarly, one can assume we are
dealing with the results of volcanic activity, which took place under a thick
layer of ice. We know that a volcanic eruption under a glacier, causing a violent
reaction between the iron-rich magma and the underground ice, can produce
these kinds of minerals, as shown by the palagonite in Iceland.

The "ISM" instrument on board the Soviet spacecraft Phobos 2 obtained
spectral images in the near infrared (0.8-3.2 µm) of selected areas of the Mar-
tian surface. Despite the premature end of the mission, the main geological
units were mapped, most of them with a resolution of about 20 Km. The
brightest regions, having an albedo higher of 30%, are covered with a homo-
geneous composition of reddish soil. It consists mainly of hydrated silicates:
hematite is the most likely constituent. The darkest areas are dominated
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by Mg-Fe-rich minerals, mainly calcium clinopyroxenes, such as augite. This
clearly indicates that the basaltic volcanism remained the dominant surface
process. This is the case, for example, of the material located within the
canyons, which is rich in these silicates, with a low water content. This con-
trasts with the bright plateaux, which are dominated by highly hydrated iron
oxides. A clear mineralogical stratigraphy within the canyons is consistent
with the deposition of sediments in an environment characterized by water
�oods.

Spectra provided by the NASA Themis probe showed the possibility of the
existence of the olivine mineral on Mars by the study of the infrared radiation
emitted by the planet. This mineral is found all over the planet, but the max-
imum abundance is in Nili Fossae, a region of estimated formation during the
Noachian period. Another area in which the olivine is present in large quan-
tities is the Ganges Chasma, a depression on the east side of Valles Marineris
[139]. The discovery is interesting because the mineral, which is associated
with volcanic activity, is much in�uenced by the e�ect of water, and so its
presence and distribution, obtained by satellite measurements, might give us
some information about the history of water on Mars.

Olivine and high-calcium pyroxene-rich regions are found also in deposits
that span the age range of geologic units by the MEX/OMEGA instrument
[154].

1.4 The Search for Organic Material

Scientists have long speculated about the possibility of life on Mars because of
the proximity and similarity of the Earth planet, but in spite of the knowledge
we have acquired until now, there are very di�erent opinions. So, if life exists
now on Mars, or existed in the past, remains an open question.

1.4.1 The Viking Experiments

On the contrary of observations made before the space missions, Mariner 9
proved the existence of surface formations that can be interpreted as the re-
sult of a water �ow. Nothing more was needed to give a new impetus to
theories predicting the organic evolution could have produced biological sys-
tems. Then, at the Viking program was given a primary objective: to �nd
evidence of chemical evolution, or organic activity, even if fossil, on the surface
of Mars. First, the detection of nitrogen in the atmosphere was considered as
an indication that conditions were suitable for biological evolution. Each of
the two landers had an arm, capable of collecting samples and place them in
an experimental chamber, where they were analyzed and subjected to speci�c
tests. The experiments were of two types: chemical and biological.

The chemical experiment lied in the analysis of soil by gas chromatography
followed by mass spectrometry. The aim was to reveal complex organic com-
pounds, considering only the carbon-based chemistry. The result was more
than disappointing: it was not found any fragment of proteins or nucleic acids,
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and even hydrocarbons. This seems to indicate that the organic compounds,
such as those originated from the fall of carbonaceous chondrites, for example,
are rapidly destroyed by solar radiation.

The biological experiment was able not only to reveal organic matter, but
to determine if there was metabolic activity in the sample. Seven experiments,
including those performed in the dark, gave a positive result: some carbon was
�xed by the samples, without the help of photosynthesis. The �xed quantities
were in�nitesimal, and this could explain why the chemical experiments did
not reveal anything.

The other two experiments, known as the Gas Exchange and Labelled Re-
lease experiments, involved reactions of Martian soil with a nutrient medium
based on water. They then required that the samples were placed in a pressur-
ized and heated chamber, where the water could remain liquid. Immediately
after the solution was introduced, were revealed large amounts of carbon diox-
ide and oxygen, but these decreased gradually with time. The explanation
was soon evident: it was not a biological but a chemical reaction that was
freeing carbon dioxide trapped in the soil, as well as for oxygen, which had
been formed by the decomposition of peroxides by means of water vapor in
the presence of iron compounds.

The Labelled Release experiment produced reactions between samples and
simple organic compounds, in particular formic acid, where the carbon was ra-
dioactive (14C). As found in the Gas Exchange experiment, the carbon dioxide
was released at the start of the experiment. However, this production of 14CO2

can be explained by the theory that the Martian soil contains peroxides: these
react with formic acid, releasing carbon dioxide and water.

Similar experiments were carried out by the intruments aboard the follow-
ing landers and rovers (Path�nder, MER, Phoenix and Curiosity). By the light
of all these experiments, it does not seem to be evidence of life on Mars, but
this may also depend on the landing sites, which for safety reasons, were chosen
in order to avoid hills and canyons. Therefore, it is not possible, at present,
to put claims about the existence of biological activity on Mars without any
ambiguity.

1.4.2 Meteorites

NASA has a catalog of at least 57 meteorites coming from Mars [15], which
are very valuable because they are the only available physical samples of Mars.
Speculation has grown just when the results of studies have shown that at least
three of them may possess evidence of possible past life on the planet. Although
the scienti�c evidence is reliable, its interpretation varies.

During the past decades eight criteria have been established for the recog-
nition of past life in terrestrial geological samples. These criteria are [208]:

1. Compatibility of the sample geological context with past life.

2. Compatibility of the age and stratigraphic position of the sample with
possible life.
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3. Evidences of cell morphology in the sample.

4. Evidences of colonies in the sample.

5. Evidences of biomaterials that exhibit chemical or mineral imbalance.

6. Evidences of stable isotopes con�gurations unique in biology.

7. Presence of organic biomarkers.

8. If the sample characteristics are indigenous.

To generally con�rm the past life in a geological sample, the criteria previously
described should be all positive, or nearly all.

Among the most interesting �ndings of meteorites for the study of Mars,
there is the meteorite ALH84001 (1.93 kg) [16] (Fig. 1.12), found in Antarc-
tica in December 1984 by ANSMET project members. The sample was ejected
from Mars about 17 million years ago and spent 11 thousand years in Antarctic
glaciers. The analysis of its composition made by NASA revealed a kind of
magnetite that on Earth is associated only with certain microorganisms [208].
Subsequently, in August 2002, another team of NASA published a study in-
dicating that 25% of the magnetite in ALH84001 appears as small crystals of
uniform size, which on Earth are associated only with biological activity, and
that the rest the material appears to be normal inorganic magnetite. The ex-
traction technique did not allow the veri�cation of the chain structure typical of
this kind of magnetite. The meteorite shows an indication of a secondary min-
eralization of water at low temperature and presents evidence of pre-terrestrial
aqueous alteration. Has also been identi�ed the presence of polycyclic aromatic
hydrocarbons (PAH).

Some structures resembling the mineralized casts of terrestrial bacteria
and their appendages ("�brils") of ALH84001 have been found (Fig. 1.12).
The size and shape of these objects is consistent with the fossilized terrestrial
nanobacteria, but even the existence of nanobacteria is controversial.

In 1998, a team of NASA Johnson Space Center obtained a small sam-
ple of the Nakhla meteorite, fallen on Earth on June 28, 1911 in the town of
Nakhla (Alexandria, Egypt) [26, 17], for its analysis. The researchers found
stages of pre-terrestrial aqueous alteration and objects [174] having size and
shape consistent with the fossilized terrestrial nanobacteria, which has been
mentioned previously. The gas chromatographic analysis (GC) and mass spec-
trometry (MS) studied the high molecular weight of its polycyclic aromatic hy-
drocarbons in 2008, and NASA scientists concluded that about 75% of organic
matter in Nakhla may not be associated with recent terrestrial contamination
[149, 209].

This caused a growing interest in the meteorite, so that in 2006 NASA asked
to obtain a larger sample from the London Natural History Museum, which
preserves the meteorite. On this second sample a large dendritic carbon content
was observed. When results and �ndings were published in 2006, independent
researchers hypothesized that those carbon deposits were of biological origin.
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Figure 1.12: Photos of the meteorite ALH84001 (left) and micro-organisms found

by NASA on it (right).

However, it must be emphasized the fact that the carbon is the fourth most
abundant element in the universe, and moreover its �nding into interesting
structures cannot be considered an evidence of biological origin [209].

The Shergotty meteorite, a Martian meteorite of 4 kg, fell on Earth in
Shergotty (India) on the 25th of August 1865 and it was almost immediately
recovered by eyewitnesses. This meteorite is relatively young: it is estimated
that it was formed on Mars only 165 million years ago by volcanic origin. It is
composed primarily by pyroxene and probably it has undergone aqueous alter-
ation for many centuries. Some interior features suggest that it is a remnant of
a bio�lm and that they are associated with micro-bacterial communities [208].
Even today scientists are carrying out analyzes of this meteorite in search of
magnetites preserving indications of alteration phases.

1.5 Phobos and Deimos

Mars has two moons: Phobos and Deimos. They are both small objects and
do not possess spherical shape, but they are approximately ellipsoidal, mea-
suring 27x21x19 km and 15x12x11 km respectively for Phobos and Deimos.
Discovered in August 1877 by Asaph Hall, their exploration mainly dates back
to the American Mariner and Viking missions. Thanks to the latest we have
high-resolution images of the two satellites, which reaches a few meters to
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Phobos. Thanks to the Soviet mission Phobos (1989), infrared spectra of the
surface with a spatial resolution of a couple of km were recorded, giving general
information about the mineralogical composition of the satellite surface.

Figure 1.13: The Martian satellites: Phobos (left) and Deimos (right).

The orbits of Phobos and Deimos are circular, lie on the equatorial plane
of Mars, and are directed. Their radii are 9354 and 23490 km, corresponding
to orbital periods of 7 h 39 m and 30 h 18 m, respectively.

The tidal e�ects acting between Mars and its satellites have two main
consequences:

1. The satellites are stabilized in synchronous rotation, ie, their rotation
periods are equal to the orbital period around Mars: Phobos and Deimos
always show the same face to Mars and their major axis point toward its
center;

2. The equatorial "swellings" of Mars have a di�erent symmetry axis with
respect to the Mars-satellite axis. This is partially due to the high vis-
cosity of the interior of Mars, and partly due to the fact that the Martian
rotation period of 24 h 37 m is di�erent from the satellites one. As a
result, the gravitational force exerted on them is not strictly radial. In
the case of Phobos, which orbits faster than Mars rotates (it rises on the
west and sets on the east), the tidal component is equivalent to the brak-
ing force, and this inexorably causes the shortening of the Phobos orbit.
In a couple of millions of years Phobos will crash into Mars. Deimos,
on the other hand, makes less than a revolution in a rotation of Mars,
and this produces a slow, but gradual increase in the radius of its orbit,
similar to the e�ect that occurs in the Earth-Moon system.

The average density of the satellites is about 2 g/cm3. It is therefore di�erent
from the Mars one, and probably re�ects a di�erence in the overall composition.
This also appears in the surface composition: Phobos and Deimos have a very
low albedo (about 5%), lower even than the darker lunar surface albedo. They
appear to be dominated by the presence of opaque and carbon rich minerals,
similar to the matrix found in carbonaceous chondrites, the most primitive
meteorites.
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There is general agreement on the theory that Phobos and Deimos should
have had di�erent origins respect to the Mars one: they would not have been
formed from the growth in orbit of material similar to that which gave life to
Mars. They would be objects from the family of asteroids (more precisely, C-
type asteroids, which are numerous in the outer main belt and among Apollo-
Amor objects) that were �nally captured by Mars.

The surfaces of both Phobos and Deimos are covered by regoliths and
they are characterized by meteorite impact craters. Their density allows us to
date the satellites back to more than three billion years. But there are several
di�erences between the two satellites. The thickness of the regolith is distinctly
larger (more than 200 m) on Phobos then on Deimos. Phobos has two large
craters, Stickney, 10 kilometers in diameter, and Hall, 6 km in diameter. The
diameter of Stickney is more than a third of the entire satellite. The e�ects of
the impact responsible for this crater can be seen in a series of grooves, long
many hundreds of meters and occasionally twenty meters deep, which cover a
large part of the surface. Deimos shows contrasts in the albedo on small-scale
and rock blocks not observed on Phobos.

A IR spectral image, taken by the ISM instrument, from a distance of
200 km gave some indications about the Phobos mineralogy. This covers part
of the satellite at a resolution of 700 m. The surface is dark and very dry,
and, mineralogically, is highly homogeneous. The bottom of a crater shown in
the image reveals a di�erent composition with an increased value of pyroxene.
This is a strong indication that, despite its small size, this object has undergone
some degree of internal metamorphism in the past.

Recently, PFS/MEX and TES/MGS observations of Phobos in the thermal
infrared [91] showed several spectral features that can be used to investigate
the composition of the surface. Results show that the majority of the spec-
tra are consistent with the presence of phyllosilicates, particularly in the area
northeast of Stickney. The PFS and TES analyzed spectra are also consis-
tent with the presence of tectosilicates, especially feldspars/feldspathoids, in
an other region of Phobos. Comparison of the TES and PFS data to the
meteorites shows that no class of chondritic meteorites provides signi�cant
agreement with the spectral features observed. The lack of consistency of the
PFS and TES spectra to analogs of ultraprimitive materials (organic residues)
suggests that an origin via capture of a transneptunian object is not supported
by these observations, although it cannot be completely ruled out [91].

Finally, the origin and evolution of these satellites, their degree of internal
di�erentiation, and the presence of carbon compounds and water are some of
the scienti�c issues to be still resolved.
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Chapter 2

The Martian Atmosphere

Figure 2.1: Picture of the Martian atmosphere taken by the Viking orbiter in low

orbit.

The past decade has experienced a huge increase in the amount of data
received from Mars. The success of many missions to the planet, including
Path�nder, Mars Global Surveyor (MGS), Mars Odyssey, Mars Express, Mars
Exploration Rovers (MERS), and Mars Reconnaisance Orbiter (MRO), which
followed the previous missions Mariner 9 and Viking, allowed to examine the
surface and atmosphere of Mars with unprecedented details. Although there
is still a lot to understand, it is possible with data we have now, to draw a
reasonable framework of the present climate of Mars.

The main interesting quantities in the characterization of the Martian cur-
rent atmosphere are the pressure, atmospheric temperatures, the wind speed,
the optical depth of aerosols and their physical characteristics, and the abun-
dances of the gases that constitute the atmosphere. All these quantities vary
with time and place. Furthermore, with regard to the abundances of atmo-
spheric gases, we must also take into account the in�uence of photochemical
processes which normally occur in the Martian atmosphere. The goal of the
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observations, from satellite and Earth, is to quantify the spatial, diurnal, sea-
sonal, and interannual variations. Once the current atmospheric state has been
characterized, the data can be used together with models for understanding
the physical processes that control the climate on Mars, such as the mech-
anisms for dust storms, the role of clouds, and the interactions between the
local and global phenomena, between the surface and atmosphere.

This Chapter describes the general charateristics and summarizes the cur-
rent state of the Martian atmosphere below 60 km, as observed by the space-
craft mentioned above. Moreover, the atmospheric photochemistry on Mars
involves many minor species gases and may alter their concentrations in certain
conditions. Therefore, since the aim of this work is to study the distribution
of water vapor and carbon monoxide, and they are strictly bound by photo-
chemical reactions which guarantee the stability of the atmosphere, then we
will describe the currently accepted photochemical model of the Martian atmo-
sphere (nominal model), together with the contribution of observations, which
strive for verifying this model.

2.1 General Characteristics

Mars lost its magnetosphere about 4 billion years ago, allowing the solar wind
to interact with the Martian ionosphere and keeping the atmosphere thinner
than it was in the past only because of the escape of molecules from the outer
layers. Both Mars Global Surveyor and Mars Express have detected these
atmospheric ionized particles into the space in the wake of Mars [168, 133].

Before the space age, estimates of the atmospheric pressure on Mars, based
on the sunlight di�usion, gave values close to 100 millibars. Carbon Dioxide
(CO2), which was revealed spectroscopically from Earth, appeared to be a
minor component. The Mariner 6, 7, 9 missions determined the total pressure
by means of the radio waves occultation as they passed behind the planet, and
discovered that the atmosphere consists of almost pure carbon dioxide. Today
we know that it is more than 95% of the atmosphere and the mean pressure on
the surface is about 6 millibars. The main constituents of the lower atmosphere
are summarized in Table 2.1.

The abundance of water may seem very low. This is the result of very
low temperatures found on the surface of the planet. In the phase diagram
of water, the triple point is located at T = 273 K and P = 4.6 mm Hg (6.1
millibars). Under Martian conditions, therefore, liquid water can not be found
if the partial pressure of H2O is less than 4.6 mmHg. Currently, the maximum
partial pressures of water does not reach the value of 0.5 mmHg: then, water
can only exist as vapor or as ice, based on the temperature.

Because of the low content of O2, a very small (about 0.04 ppm) amount of
ozone O3 is present. So the Martian atmosphere is highly transparent to the
solar ultraviolet radiation. A direct consequence is the presence of a signi�cant
atmospheric photochemistry. The most abundant components, CO2 and H2O,
are partially dissociated into CO + O + OH and H respectively. The molecular
oxygen is generated mainly by the recombination of individual atoms of oxygen.
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Gas Volume Abundance

CO2 95.32 %
N2 2.7 %
Ar 1.6 %
O2 0.13 %
CO 0.07 %
H2O 0.03 % (a)
Ne 2.5 ppm
Kr 0.3 ppm
Xe 0.08 ppm
O3 0.04÷0.2 ppm (a)

Table 2.1: Composition of the lower Martian atmosphere [160].

(a) Mean value, because it strongly varies with seasons and latitudes.

Since abundances of CO and O2 actually observed are low, the mechanism that
creates CO2 from the CO should be very e�ective in Martian conditions. It
has been suggested that OH radicals play a role in this reaction, assuming the
existence of a vertical transport mechanism capable of ensuring a rapid mixing,
as the distribution pro�les of CO2 and of the H2O are probably di�erent.
Furthermore, in the study of atmospheric photochemistry we must take into
account the presence and distribution of aerosols, which play an important
role in the mixing phase whereby these chemical reactions can take place.

As we mentioned previously, although the carbon dioxide is the main atmo-
spheric component, it can be found also in the form of carbonates in the rocks
of the surface. The same could be said for the other atmospheric gases such
as nitrogen and water. In fact we already discussed the possible presence of a
layer of subsurface permafrost. However, we must also consider the possibility
that part of water vapor escaped from the atmosphere going into the space, as
happened to Venus.

Concerning the noble gases, helium is not gravitationally held and, apart
from the argon, the others are present only in small quantities: Ne (2.5 ppm),
Kr (2.5 ppm) and Xe (0.08 ppm). Their elemental and isotopic abundances
are important tracers of the Martian atmosphere evolution, and of the whole
planet.

Variations of the surface temperature are considerable, considering the low
mass of the atmosphere and the absence of heat "reserve", which instead are
provided by the oceans on Earth: the temperature may vary more than 50°C
between day and night at the sites of Viking 1 and 2. Generally, the climate
of Mars is cold: the temperature can droop up to -120°C at the south pole
during winter, and rise up to about 0°C only near the equator during summer,
while, because of the strong greenhouse e�ect, due to dust, during the large
global dust storms, the atmospheric temperature may rise even up to 40°-50°
C.

The Martian atmosphere undergoes large changes in climate over a year,
which are strongly dependent on latitude. In fact, the dynamic properties of
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Mars are signi�cant because of the large obliquity of its rotation axis (25.1°)
and of the large eccentricity (0.0934). As a consequence, the Martian year
(which lasts 669 Martian days, or 687 Terrestrial days) is divided by very
marked seasons, and these do not have equal length, because of Kepler's Third
Law. In the northern hemisphere, spring, summer, autumn and winter, re-
spectively, last 194, 178, 143 and 154 Martian days. The highest temperature
is reached during the southern hemisphere summer, because then the distance
from the Sun is minimal. On the other hand, this season is shorter than the
northern hemisphere one, where it lasts 24 Martian days more.

Studies conducted by J. Lasker and his colleagues on the behavior of the
orbital motion of Mars reveal that its obliquity is still subject to a chaotic
regime and varies from 0° to 60° on a couple of million years. The present
value of 25.1 ° is neither primordial nor stable. Obviously, these changes result
in climate dramatic changes.

The dynamic properties of Mars are correlated with signi�cant tempera-
ture and pressure variations, causing precipitation of ices (water and carbon
dioxide snow) or their vaporization. Clouds, which are formed di�erently dur-
ing the seasons, are the direct e�ects of these processes. Frozen fog formations
cover the polar caps during the winter, while during the summer the forma-
tion of clouds is rather con�ned in reliefs (like the top of volcanoes). Clouds
of water ice were photographed by the Opportunity rover in 2004 [18]. The
atmospheric pressure can vary up to 30% in a year, because of condensation
and sublimation of CO2 in the south polar region. Strong winds sweep the sur-
face with measured velocities of hundreds Km/h (with maxima up about 400
km/h) and develop cyclones and anticyclones (high and low pressure systems,
respectively). Storms raise large amounts of dust in the atmosphere, carrying
them up to altitudes of about 50 km. In turn, this dust a�ects the Martian
meteorology by increasing the atmospheric opacity. Precipitations of water
and carbon dioxide, in addition, occur with the dust settling, a phenomenon
mostly notable on the polar caps.

The minor compounds of the Martian atmosphere are shown in Table 2.2.

Gas Retrieval Spectral Band (cm−1) Concentration (upper limit in ppmv)

C2H2 729 0.002
C2H4 1443 0.5
C2H6 821 0.4
CH4 1306 0.02
N2O 1258 0.1
NO2 1621 0.01
NH3 968 0.005
PH3 1122 0.1
SO2 1362 0.1
OCS 859 0.01

Table 2.2: Minor compounds of the Martian atmosphere [136].
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The PFS/MEX team revealed the presence of methane in the Martian at-
mosphere with a concentration of about 10 volume ppb [83, 19]. Since methane
is an unstable gas, because it is destroyed by the ultraviolet radiation, it typi-
cally remains in the Martian atmosphere for about 340 years [35]. Therefore,
its presence would indicate a recent or current gas source on the planet. Vol-
canic activity, cometary impacts, and the presence of methanogenic bacterial
life forms could be possible sources. It was recently pointed out that methane
can also be produced by a non-biological process called "serpentinization1",
which involves water, carbon dioxide, and the olivine mineral, very common
on Mars [180].

2.2 Surface Pressure

The surface pressure provides a direct indication of the integrated air mass on
the atmospheric column. It was measured in situ using the sensors on board
the Viking [201] and Path�nder landers [179], and by the abundance retrieval
of the CO2 column by orbital measurements. Thanks to their accuracy, fre-
quent sampling, and longevity, the data collected from the pressure sensors
aboard the two Viking landers provide the most complete picture of the sur-
face pressure variation at a given place, allowing the study of variations on
time scales ranging from hours to years.

Figure 2.2: Daily averages of surface pressure recorded by the two Viking landers.

The �gure 2.2 shows the daily averaged surface pressure recorded by the
two Viking landers. The o�set between the two curves is due to the altimetry
di�erence between the two sites (approximately 1.2 km). In the course of a
Martian year, the surface pressure varies up about 30%, decreasing when the
CO2 condensation on the seasonal ice cap at the winter pole, and increasing
when the CO2 sublimates from the same pole during summer. The variations

1Hydrothermal process in which magnesium-rich silicate minerals are converted to or
replaced by �serpentine minerals�. There are many serpentinization reactions. The re-
action that produces methane from the olivine can be written (in a balanced form) as:
18Mg2SiO4+6Fe2SiO4+26H2O+CO2→12Mg3Si2O5(OH)4+4Fe3O4+CH4.
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overposed on the annual cycle are the result of progressive atmospheric waves,
similar to the passage of storm systems on Earth [131]. These waves are most
prominent in autumn and winter. The diurnal and semidiurnal thermal tides
cause additional variations in the surface pressure over timescales of a day or
less. It was observed the amplitude of the tides increases signi�cantly during
the great dust storms [216].

The CO2 absorption band in the near infrared, centered at 2.0 µm, as well
as many other minor bands, is suitable for the retrieval of the CO2 column
abundance, and it is covered by the Mars Express OMEGA and PFS instru-
ments [192, 96] and the MRO CRISM instrument [190] spectral ranges. Since
the 95% of the Martian atmosphere is composed by CO2, the column abun-
dance of this atmospheric component can be used as a reasonable indicator of
atmospheric pressure.

OMEGA re�ectances in the CO2 absorption band at 2 µm were used to
retrieve a hydrostatic estimation of surface pressure with a precision su�cient
to draw maps of this �eld and thus analyze meteorological events in the Mar-
tian atmosphere [192]. Their observed three main phenomena in the resulting
OMEGA surface pressure maps: horizontal pressure gradients, atmospheric os-
cillations, and pressure perturbations in the vicinity of topographical obstacles
[192].

2.3 Atmospheric Temperature

The atmospheric temperature is one of the fundamental quantities because it
describes the state of the atmosphere, and it has been studied using a consid-
erable number of di�erent observational techniques.

2.3.1 Thermal Infrared Pro�le

The most widely used technique to retrieve the atmospheric temperature is
the analysis of the CO2 thermal infrared band at 15 microns. The variation in
the known optical depth as a function of the frequency for the band is used to
probe atmospheric temperatures at di�erent levels. This approach to derive
pro�les of atmospheric temperature has been used on the thermal infrared
spectra acquired by the following instruments: IRIS Mariner 9 [58], MGS
Thermal Emission Spectrometer (TES) [59], Mars Express Planetary Fourier
Spectrometer (PFS) [96], and MROMars Climate Sounder (MCS). The typical
vertical range of sensitivity spreads from the surface to approximately 40-50
km with a nadir view, and up to 65-90 km with limb observations. The typical
vertical resolution is approximately half "scale height" of pressure (about 5
km [57]).

The advantage in obtaining the infrared thermal pro�le is related to the
possibility of acquiring spectra systematically on a global scale by an orbiting
spacecraft. Currently, the PFS/MEX instrument provided the best single data
set available: so far it has already provided, with excellent spectral resolution,
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an almost global coverage of atmospheric temperatures for more than six Mar-
tian years (since January 2004). Another important data set is provided by
the TES instrument [186], but its coverage is restricted to only two di�erent
local times (about 2:00 am and about 2:00 pm) on daily basis for almost three
Martian years (from March 1999 to August 2004).

Figure 2.3: Daily temperature averages (acquired approximately at 2:00 pm in

local time) as a function of latitude and pressure (or height above the surface) as

observed by TES for four di�erent seasons. The upper limit of 0.01 mbar corresponds

approximately to a height of 65 km above the surface.

In Figure 2.3, temperatures are generally far from the radiative equilib-
rium, a fact which indicates a strong modi�cation of the thermal structure
because of the e�ect of dynamic processes. Under the conditions present at
the solstice (Ls = 90° and 270°), the strong solar heating occurs at the sum-
mer pole, and near the surface temperatures reach their peak. In the summer
hemisphere, temperatures increase toward the pole in all the layers. In the
winter hemisphere, there is a very strong temperature gradient with latitude
between the adiabatically heated local maxima caused by motions to the lower
atmosphere and by the very cold temperatures of the polar night. The lat-
itudinal position of this polar front has a characteristic inclination and this
causes a temperature inversion at altitudes below the level corresponding to 1
mbar in mid-latitudes regions, where the cold polar air is carried toward the
equator near the surface. Because of the strong eccentricity of the Mars orbit
around the Sun, the duration of the perihelion (Ls = 252 °) near the winter
solstice of the northern hemisphere (Ls = 270 °) causes a latitudinal temper-
ature gradient signi�cantly greater in the north than in the south. This also
leads to generally warmer temperatures during the summer in the southern
hemisphere than in the northern hemisphere.

The thermal structure during the two equinox periods (Ls = 0 ° and 180 °)
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is similar in both cases and it is almost symmetric about the equator: warmer
temperatures are close to the surface at the equator, and in each hemisphere,
they decrease toward the pole at an altitude lower than about 0.3 mbar (30
km). Above this pressure level (up to at least 0.01 mbar), there is a minimum
temperature at the equator and a maximum temperature at the middle-high
latitudes in each hemisphere.

Daily and on a global scale monitoring of atmospheric temperatures, made
possible by the asynchronous observations of TES, shows a variety of waves,
which play an important role in the horizontal and vertical transport of heat, of
the moment, and of atmospheric constituents such as aerosols and water vapor
[28, 29]. In addition, the observed temperature variations can be caused by
planetary wave, solar thermal tides, and by the interaction of the atmosphere
with the topography of Mars.

2.3.2 Occultation Observations

The radio occultation experiments work by monitoring the signal sent from
a spacecraft when it passes behind a planet as seen from Earth. In both
input and output points, the signal passes through the atmosphere, which
causes a slight refraction of the beam, thus producing a Doppler shift in the
observed frequency. This information can be used to determine the refractive
index of the atmosphere as function of the height, which can be converted to
temperature since we know the atmospheric composition and we assume the
hydrostatic equilibrium.

MGS [103] and MEX/MaRS [165] performed radio occultations of Mars.
Their temperature pro�les cover a vertical range going from the surface to
about 45 km, with a vertical resolution of approximately 500 m. Since radio
occultations technique provides data with a better vertical resolution than data
obtained using the thermal infrared spectra, it is especially useful for probing
the temperature near the surface and to resolve the vertical structure of waves.
The disadvantage of the thermal pro�les obtained by radio occultations is their
relatively poor spatial and temporal coverage, which is limited to times and
places where the orbital geometry allows the spacecraft occultation.

The Figure 2.4 shows the temperature pro�les derived from MGS radio
occultations. In the afternoon (red pro�les), the temperatures are closely in
agreement with the TES results if convoluted with the vertical resolution of
infrared thermal pro�les [106]. During the night (blue and violet pro�les), the
upper vertical resolution of temperature pro�les obtained by radio occultations
allows the characterization of an inversion layer near the surface, which does
not appear in the TES pro�les. A couple of radio occultation pro�les show
large amplitude waves (violet pro�le), which can be caused by the presence of
water ice clouds [107].

The stellar occultation, where a satellite sees a star disappear and reap-
pear behind the limb of Mars, has been used to derive the temperatures in
the middle atmosphere (50-130 km) using UV observations made by the SPI-
CAM instrument on board Mars Express [172]. They showed that accurate
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Figure 2.4: Temperature pro�les as a function of height above the surface as derived

from MGS radio occultation data. The temperatures in the late afternoon are shown

for the southern mid-latitudes in summer. The temperatures at night are also shown

for the mid-latitudes during the summer. The night pro�le shows big waves when it

is close to the Tharsis volcanoes for Ls = 150°.

temperature pro�les can be obtained below 110 km from the vertical pro�les
of density. Below 50 km, pro�les are very uncertain due to the preponderance
of aerosol extinction [172].

2.3.3 Pro�les by Landers and Boundary Layer

Seven di�erent spacecrafts landed successfully on Mars. Each of them carried
accelerometers able to measure the air resistance during their descent through
the atmosphere. These measurements, known the aerodynamic properties of
the spacecraft, allow to obtain the density, and thus the temperature as a
function of the height. The �ve pro�les acquired by the Viking 1 and 2 [181],
Path�nder [135], and MERS Spirit and Opportunity [214] landers show large
amplitude oscillations growing with height (except for Spirit), which are typical
of the vertically propagating waves.

The observations of atmospheric temperatures by orbit provide a helpful
perspective on large-scale thermal structure, but even the radio occultation
observations do not have su�cient vertical resolution to characterize the details
of the so-called "planetary buondary layer" (PBL) near to the surface. The
PBL is important because it is a portion of the atmosphere that interacts
directly with the surface, undergoing in�uences due to e�ects such as friction
and surface heating. The temperatures of the PBL were measured directly
using thermocouples mounted on the Viking landers [102] and Path�nder [179],
and they were derived by thermal infrared spectra acquired by the MER Mini-
TES instrument [187, 191].

Both the thermocouple measures and the temperatures obtained using ther-
mal infrared spectra show a signi�cant diurnal structure (Fig. 2.5). The
atmosphere is cold and stably strati�ed before dawn. Just after this, it is es-
tablished a superadiabatic vertical temperature gradient in the �rst 100 m of
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Figure 2.5: Atmospheric temperatures as a function of height above the surface for

di�erent times of day derived from the observations made by Mini-TES instrument

aboard the MER Spirit rover.

atmosphere until mid-morning. This establishes a regime of turbulent convec-
tion for all this lowest layer, with �uctuations in temperature from 15 to 20
K recorded in the �rst meter above the surface and up to 5 K in the �rst 100
m on time scales of 30-60 s. The turbulent convection continues until late af-
ternoon (about 16:30), when the surface becomes colder than the atmosphere
close to it, the convection ends, and the temperature gradient near the surface
is reversed. The reversal grows during the night, reaching a depth of at least
1 km before reversing again in the morning.

2.4 Water Vapor and Other Trace Gases

Although few abundance retrievals of water vapor were made using data ac-
quired by the �rst missions, as the IRIS instrument aboard Mariner 9 [58], the
�rst de�nitive description of latitude and seasonal trend of water vapor was
derived by the Mars Atmospheric Water Detectors (MAWD) onboard
the Viking orbiter [113]. These data showed an average global and annual col-
umn abundance of about 10 precipitable microns of water vapor, with higher
values on the northern hemisphere during summer, reaching a maximum of
about 75 precipitable microns2 near the north pole for Ls = 120°. The MAWS
experiment observed the absorption bands of water vapor in the near infrared
at a wavelength of approximately 1.4 microns. Scattering by areosols (dust
and ice) is important to these wavelengths and it must be carefully taken into
account to obtain valid abundances values for the water vapor [75]. Observa-
tions of the water vapor abundance by the �rst spacecraft were also provided
by Phobos [176] and Path�nder [202].

One of the best descriptions of the spatial and seasonal trend of water vapor
is provided by the thermal infrared spectra acquired by TES [185], although
it was necessary to correct the obtained values by about 30%, when compared

2The precipitable micron is a unit of column number density equal to 3.34 · 1018 cm−2.
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with those obtained with PFS, which also has a higher spectral resolution.
The rotational bands of the water vapor observed by TES at a wavelength of
approximately 30 µm are much less a�ected by aerosols than those in the near
infrared, and the long (almost three Martian years) and systematic coverage of
TES allows the analysis of variations on interannual time scale. The retrievals
of the column abundance of water vapor show a seasonal dependence similar
to the one obtained from the data of MAWD, but with a generally little lower
abundance, and the addition of a relative maximum of water vapor in the
southern hemisphere near the pole during summer, probably hidden by the
large dust storms during MAWD observations. The summer season peak in
the water vapor column abundance is twice as high in the north than in the
south.

The column abundance of water vapor annually averaged as observed by
TES is shown in Figure 2.6. There is an apparent anticorrelation with the

Figure 2.6: Map showing the spatial distribution of the water vapor column abun-

dance annually averaged (in precipitable microns) as observed by TES.

topography. The depressed areas, such as the Hellas Basin (45°S, 290°W) and
almost the entire northern hemisphere, have higher abundance because there is
more atmosphere over these areas. The latitudes band between about 10°S and
40°N has a relatively high average because water vapor is held there during
a year, while further north and south there are signi�cant portions of the
year with very little water vapor content. There is also a signi�cant positive
correlation between the abundance of water vapor and the albedo surface:
brightest areas have a greater quantity of water vapor. There is a negative
correlation with the thermal inertia, which indicates that the properties of the
surface, as the grains size, contribute to the water vapor distribution.

The seasonal asymmetry in the condensation height allows the water vapor
transport by means of the "Hadley Cells" through the equator from south to
north during the perihelion season [50]. It results in a more uniform latitudi-
nal distribution of the water vapor during the perihelion season, and a steep
latitudinal gradient in the water vapor content during the aphelion, with the
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formation of a cloud band of water ice at low latitudes, where the water vapor
condenses.

The water vapor continues to be an issue of great interest in the observa-
tions from the current satellite. Mars Express has three instruments able to
retrieve the abundance of water vapor. As TES, the PFS instrument on board
Mars Express observed water vapor in the thermal infrared [86] and also in
the near infrared [204, 183], whereas the OMEGA [145] and the SPICAM [76]
instruments observed it in the near infrared. On board MRO, both CRISM
(near infrared) and MCS (thermal infrared) are currently monitoring the wa-
ter vapor. Also the MER Mini-TES instrument can retrieve the integrated
column of water vapor from the surface [187]. All these instruments measured
the water vapor annual cycle. The maximum value of H2O abundance they
observed is about 60 pr.µm over the sublimating northern polar cap, whereas
the mean annual and global abundance is around 9.5 pr.µm. Moreover, two lo-
cal maxima was observed in the geographical water vapor distribution around
the Tharsis and Arabia Terra regions.

Most of the work characterizing the trace gas was made using Earth-based
telescopes because the spectral resolution of these instruments is typically
much larger than the one of instruments carried by spacecraft [65]. How-
ever, the satellite observations have also been used for the characterization of
this type of gases. The mass spectrometer on board the Viking measured the
amount of nitrogen and argon, and identi�ed the krypton, xenon, and neon
[161]. In 1977 Maguire [136] used the spectra acquired by the IRIS Mariner 9
instrument to put constraints on some trace species.

The gases (apart from water vapor) most commonly studied by spacecraft
observations have been the carbon monoxide (CO), ozone (O3) and methane
(CH4). Carbon monoxide has absorption bands in the near infrared, which
were used by a multitude of instruments including Phobos ISM [176], Mars
Express PFS [38, 183] and OMEGA [68], and MRO CRISM [190] to study its
abundance. The retrievals show an abundance of about 700 ppm, with seasonal
and geographical variations. Ozone has been observed by UV wavelengths
by the Mars Express SPICAM [167], and MRO MARCI instruments. These
measurements found that ozone presents large seasonal and spatial variations
and they are anticorrelate with the water vapor abundance. The MRO CRISM
observations in the near-infrared of the O2 singlet delta have been used as
tracer for ozone, as the O2 singlet delta is an excited state of oxygen, which is
produced by photodissociation of ozone.

Recently, the detection of methane in the atmosphere of Mars has generated
great interest because of the possibility of its biological origin. Ground-based
observations [123, 153] indicate an abundance of about 10 ppb evenly dis-
tributed, which would be inexplicable in view of the life time (about 300-600
years) of methane on Mars. Using Mars Express PFS instrument, thanks to
its good spectral resolution and signal to noise ratio suitable for detecting a
signal so weak, Formisano et al. [83] reported evidence of a 0-30 ppb spatial
variability in the detection of methane. Then, Geminale et al. [88] observed
an increase of methane over the north polar cap during local summer, which
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cannot be explained by global circulation. This strongly suggests that there
could be a methane reservoir associated with the polar cap. Clearly, this is a
key issue in the space exploration and this will be very important for future
spacecraft with instrumentation speci�cally designed to measure the methane
abundance.

The work of this thesis will improve our knowledge about annual cycle of
the water vapor and carbon monoxide and their spatial distribution in the
Martian atmosphere. Since the CO is a non condensable gas, its behaviour
is common to all the non condensable gasses and therefore it can be used
as a tracer for the distribution of other species by means of the atmospheric
dynamics.

2.5 Annual3 Variability of Martian Atmospheric

Parameters

An overview of the latitudinal and seasonal variation of temperature at 0.5
mbar (about 25 km in altitude), the optical depth of aerosols (dust and water
ice), and the abundance of water vapor as observed by MGS TES is shown
in Figure 2.7. Here almost three Martian years of observations are shown,
since March 1999 to August 2004. The current Martian climate has a distinct
and generally repetitive dependence by season, latitude, and longitude. In
particular, the perihelion season (Ls = 180° - 360°) is relatively warm, dusty,
and free of water ice clouds. On the contrary, the aphelion season (Ls = 0° -
180°) is relatively cold, cloudy, and dust free. The water vapor abundance is
greater near the equator in both hemispheres during the summer. The perihe-
lion season shows a high degree of variability in the interannual atmospheric
temperature and in the dust optical depth, primarily associated with the na-
ture of interannual events such as the global dust storms. The aphelion season
shows a relatively small interannual variability in temperature and aerosols
optical depth. The �gure 2.8 shows the globally averaged daily temperatures
at a pressure level of 0.5 mbar depending on the season (Ls) as observed by the
Viking IRTM, MGS TES, and Mars Odyssey THEMIS instruments. The glob-
ally averaged temperatures follow a well-de�ned seasonal cycle. The annual
minimum is close to Ls = 40°, so before the aphelion (Ls = 71°), at a temper-
ature of approximately 165 K (at 0.5 mbar). Temperatures are usually very
repetitive during all the aphelion season, with temperature di�erences from
year to year within the measurements uncertainties. The perihelion season
shows large di�erences in temperature from year to year. These di�erences,
associated with the intermittent events of global dust storms, may be of 20 K
or more. Excluding the e�ects of large dust storms, atmospheric temperatures
globally averaged (at 0.5 mbar) have a peak of approximately 200 K at about

3When making comparisons between observations taken at di�erent years, it is useful to
use the numbering system of the �Martian Year� according to the calendar proposed by R.
Todd Clancy [53]: Martian Year 1 (MY1) begins (at a time such that Ls=0) on April 11th,
1955.
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Figure 2.7: Overview of the atmospheric daytime observations of TES showing the

seasonal and latitudinal variation of (a) dust optical depth (at a wavelength of 9

µm), (b) atmospheric temperatures (K) at 0.5 mbar (about 25 km), (c) water ice

optical depth (at a wavelength of 12 µm), and (d) of water vapor column abundance

(in precipitable microns). The data lacks (vertical white stripes) were caused by

spacecraft anomalies and solar conjunctions.

Ls = 260°, giving a peak to peak annual interval of approximately 35 K.
The presence of the largest dust storms seems to be periodic, in fact in

Figure 2.7 a certain seasonal and positional preference can be noticed, and it
is also observed a tendency to have a global dust storm every two Martian
years during the southern summer. The dust optical depth appears to have
a background of approximately 0.15 at 9 µm during the perihelion season.
Overlapped to this background level there is a series of dust storms, which vary
strongly in intensity and duration. Periods near Ls = 225° and 315° appear
to be particularly favorable for the formation of dust storms on regional scale
[132]. After Ls = 0°, the dust optical depth gradually decreases until the
minimum level of 0.05 for Ls = 135°, after which the global optical depth of
the dust begins to increase again. The aphelion season shows a much less
interannual variability, and no dust storm on regional or global scale.

The water ice optical depth at low latitudes is quite anticorrelated with
the dust optical depth, with maximum values in the aphelion season around
Ls = 110° and low values during the perihelion season. The tropical cloud
belt formed during the aphelion season (Fig. 2.7) is repetitive from year to
year, with clouds forming over the same regions with approximately the same
optical depth. At high latitudes, the clouds form over the winter polar regions
with similar structures every year.

The greatest interannual variation in the water vapor is in the southern
hemisphere during the summer, and it can be in�uenced by the variability in
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Figure 2.8: Globally averaged values of atmospheric temperatures at about 25 km, as

observed by the Viking IRTM, MGS TES, and Mars Odyssey THEMIS instruments.

temperatures caused by dust storms. Although the almost complete lack of
a maximum in the southern summer observed by the MAWD instrument on
board the Viking orbiter [113] is probably due to the fact that water vapor
was masked by two dust storms that have surrounded the planet [185, 75],
variations from year to year up to about 20% appear to be real.

2.6 Photochemistry and Stability of the Mar-

tian Atmosphere

The annual cycle of sublimation-condensation in the polar regions produces
an increase and a decrease in the total atmospheric pressure on planetary
scale. The study of photochemistry of the Martian atmosphere is the study
of the photochemistry of a CO2 atmosphere with varying amounts of H2O
added under varying conditions of pressure, temperature and sunlight. The
photochemistry of this system CO2/H2O/N2 produces carbon monoxide (CO),
molecular oxygen (O2), Ozone (O3), and nitrogen oxides (NOx).

Below the photochemical model currently accepted will be described in
more detail and then, the problem of stability of the Martian atmosphere will
be treated.

2.6.1 Atmospheric Photochemistry

On Mars, the photodissociation of CO2 takes place on the entire height of the
atmosphere. The relatively high pressure of CO2 implies that the photoab-
sorption by this species takes place from the surface to the ionosphere, which
lies above 100 km. Thus, it is important to include the contribution of the
ionosphere, even if we are treating the lower atmosphere.

The chemical reactions that produce and destroy the various neutral con-
stituents in the Martian atmosphere are shown in Table 2.3, and the main
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reactions are shown in �gure 2.9. The absorption of the solar photons for

Table 2.3: Chemical reactions in the neutral atmosphere of Mars important for the

problem of atmospheric stability.
bThe units for the speci�c speed of the reaction (rate constant) are cm3s−1 for two-bodies

reactions and cm6s−1 for three-bodies reactions.

Figure 2.9: Schematic representation of the signi�cant chemical reactions in the

neutral atmosphere of Mars.

wavelengths below 220 nm is caused primarily by the CO2, leading to the
formation of CO and O (R2 in Table. 2.3). The reverse reaction (R3) is spin-
forbidden, so its rate is extremely slow. The main mechanism of CO loss is a
reaction with the hydroxyl radical, OH, which regenerates the CO2 (R9). Al-
though the abundance of OH is fundamentally linked to water vapor, its main
source is the reaction of HO2 with atoms of O (R6), which produces nearly
two-thirds of the column abundance of OH, while the remaining third is pro-
duced by photolysis of hydrogen peroxide, H2O2 (R7). The H2O2 is produced
in the reaction of HO2 with itself (R5), while the same HO2 results from the
reaction of H with O2 (R4). The H atoms are generated by H2O photolysis
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(R1) below 190 nm. Furthermore, it is important to note that the direct pro-
duction of OH from the H2O photolysis or in the reaction of O(1D) with H2

(R22) or with H2O (R24) is negligible. The other signi�cant process of OH
production is the reaction of ozone with H atoms (R13). A schematic repre-
sentation of the relative contribution to the production rate of OH is shown in
Figure 2.10. The total production rate integrated on the altitude for a nom-

Figure 2.10: Sources of OH production along with their relative contributions in

the atmosphere of Mars.

inal model is 1.2×1012cm−2s−1 [24]. This model assumes globally, seasonally
and daily averaged parameters, for the solar �ux (considering the mean solar
activity) and for the water vapor (10 prµm or 150 ppm on the surface), a
surface temperature of 210 K, dust optical depth of 0.4 (UV), and a turbulent
di�usion coe�cient of 106 cm2s−1 up to 40 km and increasing to 106 cm2s−1

at 125 km. The altitude-integrated photolysis rate for the CO2 in this model
is 0.77×1012 cm−2s−1 [24].

Once produced by the CO2 photolysis, oxygen atoms recombine to produce
molecules of O2 (R15),

2CO2 + hν → 2CO + 2O

2O + CO2 → O2 + CO2

��������������

2CO2 + hν → 2CO +O2

These reactions, therefore, imply that CO and O2 are in the ratio 2 to 1,
but measured data give a ratio of 0.54 to 1 in the composition. The mixing
ratios of CO and O2 are quite variable in the atmosphere of Mars, and their
photochemical lifetimes (about 6-8 years for each) are long. As shown above,
the abundances of CO and O2 are controlled by odd hydrogen, in particular
by OH, and then by H2O, which is very variable. The reason why the observed
CO/O2 ratio is not 2:1 can be explained by the fact that the recombination
reaction CO + OH → CO2 + H causes a decrease in the CO abundance, but
leaves unchanged the O2 one.
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More than 4/5 of the atomic oxygen production comes from CO2 photoly-
sis, while the remaining amount is the result of the photolysis of newly formed
O2 (R21) with HO2 (R8). The loss of oxygen atoms is due to the recombination
reaction (R15) and the reaction with HO2 that form OH (R6). The molecu-
lar oxygen is formed directly or by recombination of oxygen atoms (R15), or
through the catalysis of odd hydrogen, as shown below:

H +O2 +M → HO2 +M

O +HO2 → O2 +OH

O +OH → O2 +H

��������������

O +O → O2

And also,
O3 +H → OH +O2

O +OH → H +O2

��������������

O +O3 → 2O2

The indirect recombination of odd oxygen shown above justi�es all the O2

production rate below about 60 km: hence the catalysis of hydrogen plays
a crucial role in the O2 formation. The column production rate of O2 for
the nominal model is 2×1011 cm−2s−1. The loss of O2 is due to the ultraviolet
photolysis (R21), as well as the loss of the even oxygen species, HO2 and H2O2.
This last indirect photolysis accounts for about 70% of the O2 loss rate in the
nominal model. The O2 photochemical life time in the atmosphere of Mars
is 8 years, which is much greater than the average time of mixing (about 10
days) in the lower atmosphere. It is therefore expected that the O2 remains
well mixed throughout the atmosphere.

The O2 reaction with O produces O3 (R16), as in the Earth's atmosphere.
The primary mechanism for the loss of ozone is the ultraviolet photolysis during
daylight hours (R19, R20) and the reaction with the atomic hydrogen (R13).
The latter is the dominant loss mechanism for O3 during the night. The
distribution of odd oxygen abundance can be written as

[O3] / [O] = k16 [O2] [CO2] / (JO3 + k13 [H])

where the speci�c reaction speeds of thek16 and k13 are those for the R16 and
R13 reactions (production and loss of ozone), and JO3 is the O3 photolysis
rate. The second term in the denominator is negligible in the nominal model.

The relation written above reveals that the dominant form of odd oxygen
is the O3 below 25-30 km, and the O above it. The peak in odd oxygen is
located approximately at an altitude of 50 km in the nominal model. The
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Figure 2.11: Distribution of photochemical constituents in the atmosphere of Mars

(based on nominal model).

odd hydrogen, hydrogen peroxide and odd oxygen (O and O3) distributions,
calculated for the nominal model are shown in Figure 2.11.

The abundance of ozone in the atmosphere of Mars shows a signi�cant
seasonal variation as it was revealed by satellite observations of the Mariner 9.
A maximum of 57 µm-atm 4 was measured at mid-latitudes during the northern
hemisphere winter, while the value drops to less than 3 µm-atm on the north
polar cap region. Minor amounts of ozone are found in the summer. The solar
occultation experiments of Phobos made during the northern spring equinox
near the equator revealed an amount of ozone at or below 2 µm-atm when
data were extrapolated down to the surface [40], and even smaller amounts
(10−2 µm-atm) were measured by observations of the Hubble Space Telescope
(HST) on the north polar cap during the spring equinox [49]. Moreover, vertical
pro�les of ozone have been obtained by SPICAM/MEX for one Martian year
[128]: the ozone abundance increases during northern spring at mid and low
latitudes from Ls=0° to Ls=100° reaching a maximum value of 6 − 9 · 109

cm−3 at Ls=40°, whereas it is not detected after Ls=130°. Also the OMEGA
instrument on board of MEX provided indirect information about the ozone
abundance by studying the O2 dayglow emission at 1.27 µm [21].

These observations show an anticorrelation between the amount of ozone
and the abundance of water vapor. Larger values of ozone are found in winter,
when the abundance of water vapor drops to its minimum value, and smaller
values of ozone are recorded in the summer period, when the abundance of
water reaches its peak. This anticorrelation between O3 and H2O vapor is
expected since the reactions of odd oxygen (O and O3) with H and HOx (R6,
R13, R14) are the dominant mechanism of ozone loss because O and O3 are
interchangeable during the day.

The production and loss of hydrogen is controlled both by photochemistry
and by the escape of atmospheric gases. The molecular hydrogen is produced
in the lower atmosphere by a reaction between hydrogen atoms and the H2O

41 µm-atm = 2.687×1015molecules·cm−2.
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(R11) at a rate of 3×109cm−2s−1 in the nominal model. The upward H2 �ow
is 5×108cm−2s−1 from the lower atmosphere to the ionosphere. Once in the
ionosphere, H2 undergoes the dissociation caused by the ultraviolet photons
and by the following reactions:

CO2 + hν → CO+
2 + e

H2 + CO+
2 → CO2H

+ +H

CO2H
+ + e→ CO2 +H

��������������

H2 + hν → 2H

In the middle atmosphere, the H2 removal takes place by means of its
reaction with O(1D), producing a small amount of OH and H (R24). The H2

net mixing ratio for the nominal model is 5×10−5. The H2 life time compared
with a photochemical loss in the lower atmosphere (> 30 years) is long, while
the vertical mixing time is of the order of 10 days (for a turbulent di�usion
coe�cient K = 106cm2s−1). This allows these species to remain relatively
well mixed in the Martian atmosphere. The loss from the higher atmosphere
occurs at a critical level in the escape of atomic hydrogen, while the direct
escape of H2 is small. The H2 mixing ratio and the escape rate of H atom may
be moderately in�uenced by the following nitrogen reaction:

NO +HO2 → NO2 +OH k = 3.7× 10−12 exp(240/T ) cm3s−1.

2.6.2 Atmospheric Stability

The Martian atmosphere is stable despite the photochemical loss. This is
particularly striking in the case of the main atmospheric constituent, the CO2,
where the photolysis rate is of the order of 1012cm−2s−1, as already mentioned
previously. This means that the whole atmosphere of Mars should be separated
into its products CO and O2 in about 6000 years [25], i.e. a relatively small
period. Moreover, current concentrations of CO and O2 (about 0.1%) should be
increased signi�cantly in 3-6 years. We know that, except for regular seasonal
changes (about 30%), the CO2 concentration in the Martian atmosphere is
constant, and the concentrations of CO and O2 did not continue to grow if
compared to their current levels in the atmosphere. The CO2 recycling by the
reaction of CO with O (R3) is spin-forbidden. The apparent success of previous
attempts to explain the CO2 recycling [144, 164] by the reaction between CO
and OH (R9), was fortuitous because these models assumed incorrect values
both for the turbulent mixing coe�cient in the middle atmosphere and for the
water vapor amount. Moreover, they assumed wrong absorption cross sections
and chemical kinetic data for the CO2. With absorption cross section data of
CO2 available in 1972 (at the time of development of these models), and using
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the correct values for the turbulent mixing coe�cient in the middle atmosphere
(106 cm2s−1) and for the average water vapor amount (150 ppm), the ratio
between the CO2 reformation rate and the CO2 loss rate by photolysis resulted
to be about 0.15 and 0.3, respectively for McElroy and Donahue's model (1972)
[144], and for Parkinson and Hunten's model (1972) [164]. In other words, the
CO2 loss exceeds its recycling rate of factors 3 and 6, respectively. However,
improvements on the absorption cross section data of CO2, which were found
to be dependent on temperature, show that, at the low temperature of the
Martian surface and at the atmosphere bottom, the absorption cross section
of CO2 is 2-3 times smaller than the value available at the time these models
were calculated. This means that the loss rate should be reduced if the new
CO2 absorption cross sections are used. Furthermore, it was discovered that
the new reaction speci�c speed for the recycling reaction R9, CO + OH →
CO2 + H is greater than the value used in the models of 1972 by about a
factor 2-3. Therefore, the use of the new reaction rate constant should result
in an increased recycling rate for the CO2. The new data on the relevant
cross sections and on the reactions rate constant result in an increase in the
CO2 reformation rate so that it should tend to have a stability parameter
close to 1. A detailed photochemical model developed by Atreya and Gu
(1994) [24] shows, however, that the laboratory data available on the reactions
kinetics, on the cross sections and on atmospheric parameters give a substantial
excess (about 40%) of the production rate if compared to the loss rate of CO2.
Although we have achieved a signi�cant improvement over previous models
in which the discrepancy between the average production and loss rate was
of factors ranging from 3 to 6, we should still seek some physical mechanism
that can reconcile this di�erence. Furthermore, it should be noted that all
these models are "one-dimensional", while other parameters should be taken
into account, such as temporal one, latitude and longitude, and changes of
atmospheric water vapor amount, the turbulent mixing, the dust opacity and
temperatures, as well as the atmospheric dynamics.

The model, developed in 1995 [25], has been validated by performing cal-
culations which take into account the actual variations of relevant atmospheric
parameters during a Martian day. These calculations show that the production
and loss rate are almost balanced to each other when averaged over a period of
24 hours. This illustrative calculation was performed for the site of the Viking
1 lander, taking into account the actual diurnal variation of the three most
important parameters: amount of water vapor, surface and atmospheric tem-
perature, and solar zenith angle. The H2O vapor varies from 1 prµm at dawn
to 10 prµm at noon even if it changes very little at sunset [72]. The surface
temperature varies from dawn to noon of about 45 K [182]. The critical pa-
rameter in the stability problem is the OH density and its dramatic variability
from day to night, because its photochemical lifetime is less than 1 second,
while the lifetime of the other critic constituent, the CO , is so long (about 8
years) that we expect its density has not a diurnal variation. The �gure 2.12
shows the distribution of OH density over a period of 24 hours in the Martian
atmosphere. The value at midnight of [OH] is dramatically reduced below 40
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Figure 2.12: OH concentration [OH] in the atmosphere of Mars for midnight (solid

line), for the 6 am (broken line), for the 8 am (point-to-tract) and noon (dotted line).

The shown calculations refers to the summer at 20°N.

km because of the important reduction in the density of atomic oxygen in this
region at night, which prevents the formation of OH (R6). A further decrease
of OH takes place because of the absence of H2O2 photolysis (R7). Although
the recycling rate of the resulting CO2 (R9) should be dramatically reduced
during the night, this happens for the loss by photolysis.

The ratio of these production and loss rates, integrated for the altitudes,
results to be 0.98, when computing a simple average of the values corresponding
to a period of 24 hours. However, this simpli�ed illustration represents only
a single day on Mars, so it does not take into account the actual latitudinal
and seasonal variations of the relevant atmospheric parameters. Indeed, we
recall that the globally averaged model provides a 40% discrepancy between
the CO2 production and loss rates, so it would be necessary some mechanism
to be included in this model that can reduce the OH production or allow
additional CO loss, since the mechanism for the CO2 recycling (R9) depends
on the CO and OH abundances. Atreya and Blamont (1990) [23] suggested
that heterogeneous processes on the aerosols (dust and ice) surfaces in the
Martian atmosphere could produce a reduction in the abundances of CO, O,
O2, OH, H2O, H2O2 or of other species involved in the CO2 recycling.

2.6.3 Experimental Contribution to Photochemicals Mod-

els

During the years elapsed since the publication of the models described in the
previous section, there was a signi�cant progress in experimental data on the
photochemistry of the Martian atmosphere. The �ve years of observations of
temperature pro�les, water vapor abundance, and dust and ice aerosol opacity
using the TES instrument aboard the Mars Global Surveyor (MGS) (section
2.5) provide detailed data for photochemical modeling at various latitudes and
seasons. The ozone abundances have been observed in various conditions us-
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ing both ultraviolet spectroscopy of the Hubble Space Telescope (HST) [52]
and infrared spectroscopy of ground-based instruments [73, 71]. The O2(

1∆)
dayglow observations at 1.27 µm using the CSHELL spectrograph at NASA
Infrared Telescope Facility (IRTF) were carried out by Krasnopolsky and Bjo-
raker (2000) [120], Novak et al. (2000) [157], and Krasnopolsky (2006) [124], to
monitor the Mars photochemistry. These observations are currently the most
detailed database for changes in the photochemistry of Mars. In addition, the
ESA Mars Express orbiter is observing ozone, 1.27 µm dayglow, H2O, CO,
dust and ice aerosols, and temperature pro�les in the atmosphere.

Another advance in the photochemical modeling of Mars is related to the
coupling of photochemistry with general circulation models (GCMs). This
was done by Lefevre et al. (2004) [129], who calculated the three-dimensional
variations of ozone. The GCMs models are the best tools for the modeling of
atmospheric dynamics, thermal structure, and aerosols and water vapor dis-
tributions: the GCM photochemical models take into account all these e�ects
on the photochemistry.

Observations of changes in the photochemistry of Mars with the season,
latitude, and local time are among the main objectives in the study of the
Martian atmosphere.

2.6.3.1 O2 Dayglow Observations

The O2 dayglow at 1.27 µm is excited by the photolysis of ozone, and the
O2(

1∆) molecules so formed, either emit photons at 1.27 µm or are de-excited
in collisions with CO2.

Clancy and Nair (1996) [51] calculated the seasonal behavior of Mars pho-
tochemistry at low and middle latitudes. They claimed that the atmosphere
is cool and dust free at the aphelion and hot and dusty at perihelion. This
changes signi�cantly the water vapor condensation level and strongly in�u-
ences the water photolysis, and thus the production of odd hydrogen. Water
and, therefore, odd hydrogen are absent above the level of condensation, and
this allows the ozone formation. The calculated column abundance of ozone
varies by a factor of 3 at low latitudes, while its variation also reaches a factor
of about 10 above 20 km.

Krasnopolsky (1997) [119] found that the best way to observe ozone at
high altitudes is measuring the O2 dayglow at 1.27 µm using CSHELL. The
dayglow is destroyed by collisions with CO2 below 15-20 km and therefore it
re�ects the ozone at high altitudes, which is the most sensitive tracer of Mars
photochemistry at low and middle latitudes.

The latitudinal variations of the dayglow intensity for several Martian sea-
sons are shown in �gure 2.13 . The vertical axis intensity varies from 0.4 MR5

at 40°N for Ls = 247° to 17 MR at 65°S for Ls = 173°. The data in �gure refer
to the central part of the day: the dayglow appears to be maximum at 12:30,
and the variations in intensity from 9:00 to 15:00 are typically of about 20%.

The Martian atmosphere is optically thin at the wavelengths responsible for

51 MR (MegaRayleigh) is the emission of 1012 photons per cm2s in 4π steradians.
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Figure 2.13: Latitudinal variation of O2 dayglow at 1.27 µm observed for several

seasons by the CSHELL instrument [124]. The dayglow intensities at Ls = 247° and

Ls = 312° are scaled by a factor of 5.

the ozone photodissociation. Thus, the diurnal variations of the O2 dayglow
re�ect the changes in the ozone abundances and of its vertical pro�les, while
the photodissociation rate remains constant.

The O2 dayglow intensities, shown in �gure 2.13, can be combined to build a
map of the latitudinal and seasonal dayglow variations (Figure [�g: 2.14 ). This
map re�ects the response of the Martian photochemistry to latitudinal and
seasonal variations of temperature pro�les, water vapor abundance, aerosols
opacity, and to the dynamic processes in the atmosphere. Thus, this map can
be used to predict the intensity of the dayglow for various observing conditions
and it is also a test for the modeling of Mars photochemistry and its variations.

A recent model of Martian photochemistry variations [119] is based on
data by MGS/TES about temperature, water vapor abundance and aerosols
opacities. In general, this model (Fig. 2.14) results to be in good agreement
with observational data of the O2 dayglow and of the peroxides abundances.

The 1.27 µm dayglow was also observed by the IR spectrometer SPICAM
on board the Mars Express orbiter [76](Fig. 2.15). SPICAM observations
provide a regular monitoring of the O2 dayglow, and a better coverage at
higher latitudes, which are typically not seen by telescopes on Earth. The
IRTF/CSHELL observations have been made with an average frequency of
one per year and with a spatial resolution signi�cantly lower than the one
of the spacecraft. Obviously SPICAM observations are not in�uenced by the
telluric absorption, which restricts observations to periods with Earth's high
geocentric speeds. The IRFT/CSHELL advantages are the highest spectral
resolution (by a factor of about 18) and the highest signal to noise ratio (about
300 for the observations of 2005-2006). IRTF/CSHELL observations may be
better for the weak O2 dayglow typical of low latitudes, especially near the
Mars perihelion. Moreover, these observations are not tied to a certain local
time, as in the case of Mars Express data.

In Fedorova et al. (2006) [76] we �nd a detailed comparison between SPI-
CAM results and observations reported in Krasnopolsky (2003) [121], showing
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Figure 2.14: Map of seasonal-latitudinal variations of the O2 dayglow at 1.27 µm

(in MR). In the lower panel is shown the map retrieved by the observations, while

in the upper panel there are the results of photochemical model [119] in the range of

latitudes covered by the water vapor observations by MGS/TES [186].

a generally reasonable agreement (Fig. 2.16), which was also recently found
by studying data by the PFS/MEX instrument [89].

2.6.3.2 CO Observations

CO is the fundamental product of the CO2 photolysis. It reacts very slowly
with O, O2 and O3, so its mixing ratio should be 0.08, as expected from
modeling in a CO2 atmosphere and with H2O absence [155], but the observed
values are lower by two orders of magnitude: this is the stability problem of
the Martian atmosphere, solved years ago using a very e�ective catalysis of the
H2O photolysis products (Section. 2.6.2). This catalysis is so e�cient that,
taking it into account, the model expected that CO abundances are, this time,
smaller than the observed average value 8×10−4 by a factor of 5, and still the
problem of stability remains partly unsolved.

The CO production rate is just equal to the �ux of solar photons with
λ < 200 nm, which dissociate the CO2. This annual global average �ow is
equal to 9×1011cm−2s−1, with a CO column abundance of 1.8×1020cm−2 for a
mixing ratio of 8×10−4: this information is translated into an average life time
of about 6-8 years for CO. This lifetime is much longer than the Martian day,
and then CO variations with local time are not expected. The time of vertical
mixing is

H2

K
≈ 2 weeks

in the lower atmosphere, where H is the scale height and K ≈ 106cm2s−1 is
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Figure 2.15: Seasonal distribution map of the O2 emission observed by SPICAM

since Ls = 330° (January 2004) to Ls = 327 ° (November 2005) [76].

the turbulent di�usion coe�cient [125]. So the CO mixing ratio should be
constant until about an altitude of 40 km.

From spectroscopy of the CO band at 2.35 µm by the Phobos orbiter data
[176], the CO mixing ratios resulted to be lower over large Martian volcanoes
at a height of about 20 km from the �at areas by a factor of 5-8, a fact that is
completely inconsistent with the photochemistry predictions. Hünten (1993)
[111] showed that small changes in the continuous level of CO spectral band
could remove the variation of the CO mixing ratio with altitude in the Phobos
observations.

Krasnopolsky [122] observed an increase in the CO mixing ratio by a factor
of about 1.5 from the equator to 50°S. The observations were made during
the south winter at Ls = 112°, and the increase was explained by the CO2

condensation in the winter polar cap. CO2 condensation and sublimation
result in an enrichment and depletion of long-lived non-condensable gases (N2,
Ar, O2, CO, H2) on the polar caps and neighboring regions. The value and the
extent of this e�ect are directly related to the atmospheric dynamics and polar
processes, and they could be simulated by general circulation models (GCMs).
This e�ect was observed for Ar using the gamma ray spectrometer on board
the Mars Odyssey orbiter [195].

Krasnopolsky presented in [124] the study on CO mixing ratio variations
as observed by the IRTF/CSHELL instrument. The �gure 2.17 shows the CO
mixing ratio as a function of the altitude from the surface for observations
made on 8 December 2003, averaged in intervals of 1 km altitude. In the range
of altitude ranging from -4.5 to 8.5 km are not observed signi�cant changes.
The variations in the CO mixing ratio with the latitude for four seasons are
shown in �gure 2.18. For Ls = 112° there is a more or less constant mixing ratio
in the northern hemisphere and it is growing from the equator to the south
polar cap. In fact, the condensation rate is maximum near Ls≈100°, and
atmospheric dynamics ensure that the CO amount reaches its maximum with
a certain delay (Ls ≈ 112°). A similar situation occurs for the northern winter,
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Figure 2.16: Comparison of O2 emission pro�les between SPICAM observations

and ground-based observations for four seasonal points [76]. The circles represent

observations from Earth, the asterisks with error bars represent SPICAM data for

di�erent longitudes, and N is the number of the orbit. The ground-based measure-

ments for Ls = 112°, 148° and 173° were averaged for the local time range going from

11:00 to 14:00.

Ls = 312°. However, the northern winter corresponds to a Mars position close
to the perihelion, and therefore it is not as cold as the southern winter. Thus,
the CO2 condensation rate and the CO increase are signi�cantly weaker than
in the previous case. The southern cap begins to sublime for Ls = 173°. The
southern mixing made the abundance �at up to 45°S for a month after the end
of the condensation. The other features are similar to those for Ls = 112°. The
explanation of the CO behavior for Ls = 10° requires very complex dynamics.

Although the CO distribution for four seasons is generally insu�cient to
create a map of the latitudinal and seasonal variations, Krasnopolsky [124]
presented a preliminary version of it, shown in Figure 2.19.

Since the aim of this thesis work is the study of water vapor and carbon
monoxide distributions and their relations, and they are strictly bound each
other by the photochemistry of the Martian atmosphere, we will improve the
knowledge of the atmospheric scenario, which is needed to guarantee the sta-
bility of the atmosphere itself.
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Figure 2.17: Evolution of the CO mixing ratio (corrected for the latitudinal de-

pendence) as a function of the altitude from the surface for observations made on

December 8, 2003 with the IRTF/CSHELL instrument [124]. The dashed line rep-

resents the data linear �t.

Figure 2.18: Latitudinal variations of the CO mixing ratio for four seasons [124].

The observational data are approximated by broken lines.

Figure 2.19: Seasonal and latitudinal variations map of the CO mixing ratio (in

10−4)[124].
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Chapter 3

Mars Express (MEX) and the
Planetary Fourier Spectrometer
(PFS)

Mars Express (MEX) is a space exploration mission conducted by the Euro-
pean Space Agency (ESA). The Mars Express mission is exploring the planet
Mars, and it is the �rst planetary mission undertaken by ESA. The word �Ex-
press� in the mission name refers to the speed and e�ciency with which the
spacecraft was designed and built. However, �Express� also describes the rel-
atively short interplanetary journey of the spacecraft, as a result of its launch
when the orbits of Earth and Mars allowed that the path was the shorter of
the last 60000 years.

Mars Express consists of two parts: theMars Express Orbiter and Beagle 2,
a lander designed to perform geochemical and exobiological research. Although
the lander failed during landing on the Martian surface, losing its contact,
the orbiter successfully performs scienti�c measurements since the beginning
of 2004 as, in particular, collection of images (imaging) and high-resolution
mineralogical mapping of surface, radar sounding of subsurface structure be-
neath the permafrost, precise determination of the atmospheric circulation
and composition, and study of the interaction between the atmosphere and
the interplanetary medium.

Some of the instruments aboard the orbiter reuse the design developed
for the failed Russian mission of 1996, Mars 96, as many instruments and
funding came from European countries. The basic design of Mars Express is
based on the ESA Rosetta mission, on which a considerable sum was spent
for its development. The same design was also used for the Venus Express
mission in order to increase reliability and reduce costs and development time.

Thanks to the valuable scienti�c return and to the highly �exible mission
pro�le, ESA has granted to Mars Express four straight mission extensions till
(at least) December 2014.

In this Chapter we will provide a general overview of the Mars Express
mission and then we will describe in details the Planetary Fourier Spectrometer
(PFS) [84] and the calibration procedure for its spectra [92, 93].
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3.1 The Mission

The spacecraft was launched on June 2, 2003 at 23:45 local time (17:45 UTC)
from the �Baikonur Cosmodrome� in Kazakhstan, using a Soyuz-Fregat rocket.
The Mars Express and the booster rocket were initially placed in a parking
orbit at 200 km altitude around the Earth, then the Fregat was rekindled at
19:14 UTC to enter the satellite into a transfer orbit to Mars. The Fregat and
Mars Express separated at approximately 19:17 UTC. After the solar panels
were deployed and was made the trajectory correction maneuver on June 4 to
allow the reaching of Mars through the interplanetary space.

Once the initial phase �nished, for the next �ve months took place the
�interplanetary cruise� phase, which lasted until about a month before the
Mars capture maneuvers and involved trajectory correction maneuvers and
the payload calibration. The latter remained mostly switched o� during the
cruise phase, with the exception of some intermediate controls. Although
this step is called �cruising�, it was very di�cult: in fact, there were �Star
Tracker� (identi�cation of star positions to adjust the satellite direction and
position) problems: a power problem of electrical system, extra maneuvers,
and on October 28 the spacecraft was hit by one of the largest solar �ares ever
recorded.

The Beagle 2 lander was released on December 19 at 8:31 UTC toward
the surface. The lander entered the Martian atmosphere on the morning of
Dec. 25. The landing was scheduled for about 02:45 UTC on December 25.
However, after having repeatedly tried to contact the lander by Mars Express
and NASA Mars Odyssey orbiters, it was declared lost on February 6th 2004
by the �Beagle 2 Management Board�.

Mars Express arrived at Mars after a 400 million km journey, and after
two course corrections in September and December, 2003. The Mars Express,
on December 20 brie�y rekindled the thrusters to place itself in the orbital
position around the planet. Then, its main engine was turned on and it went
into a highly elliptical (250 km × 150000 km) initial capture orbit with an
inclination of 25 ° on December 25 at 03:00 UTC.

The �rst calculation of the orbital insertion data showed that the orbiter
reached its �rst goal. The orbit was later adapted by other main engines
starting up to reach the desired quasi-polar orbit (inclination of 86 °) of 259
km × 11560 km with a period of 7.5 hours. After 100 days, the orbit apocentre
was lowered to 10107 km, while the pericentre was increased to 298 km for an
orbital period of 6.7 hours.

Since May 4, 2005 until June 17, 2005 the gradual deployment of the an-
tennas of the MARSIS (Mars Advanced Radar for Subsurface and Ionosphere
Sounding) instrument was made. This phase was quite critical and so complex
as to require cooperation between di�erent agencies, including ESA, NASA,
and public universities. The phase of nominal science observations began on
January 7, 2004 for all instruments, except for MARSIS which became oper-
ating on July 2005.

Operations of the mission management are conducted by a multinational
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group of ESA �Operations Centre� engineers in Darmstadt. The group began
its preparations for the mission about 3 or 4 years before the e�ective date of
the launch.

The �Mission Control Team� consists of the Flight Control Team, Flight
Dynamics Team, Ground Operations Managers, Software Support and Ground
Facilities Engineers. All of these groups are located at ESOC, together with
other external groups, such as Project and Industry Support groups, which
designed and built the spacecraft.

Since its orbit insertion, Mars Express is gradually taking its original sci-
enti�c objectives. Normally, the satellite points Mars while acquires scienti�c
data and then sends them to Earth when it is in a position where he can
point it, although some instruments such as Radio Science, or MARSIS can
be managed operatively only when the vehicle points to the Earth.

3.2 Structure and Subsystems of the Mars Ex-

press Orbiter

3.2.1 Structure

The Mars Express Orbiter is a cubic shape spacecraft with two wings made of
solar panels extending from two opposite sides. Its mass at launch was 1123
kg and includes a main frame with a payload (113 kg), the lander (60 kg) and
457 kg of propellant. The main body has dimensions 1.5 m × 1.8 m × 1.4
m, with an aluminum structure covered in turn by an aluminum layer. The
solar panels are about 12 m tip-tip. The two long dipole antennas extend from
opposite sides perpendicular to the solar panels as part of the radar sounder
[70].

3.2.2 Propulsion

The Soyuz/Fregat launcher supplied most of the thrust needed to reach Mars.
The Fregat �nal stage was expelled once the probe had no problems on the
way to Mars. The propulsion means on board the vehicle were used for the
probe insertion into the Mars orbit and for the following orbital corrections
[70].

The spacecraft body is built around the main propulsion system, which
consists of a 400 N main bipropellant engine. The two propellant 267 liters
tanks have a total capacity of 595 kg. Approximately 370 kg were needed for
the nominal mission. Pressurized helium contained in a 35 liters tank is used
to push the fuel into the engine. Trajectory corrections were made using a set
of eight 10 N thrusters, each placed at each corner of the vehicle structure.
The satellite con�guration has been optimized for a Soyuz/Fregat, and it was
almost completely compatible with the Delta II launch vehicle.
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3.2.3 Power Supply

The power supply of the satellite is provided by the solar panels, which contain
11.42 square meters of silicon cells. A power of 660 W was originally planned,
but a defective connection has reduced the available power of 30%, i.e. up to
460 W. This energy loss should not have a signi�cant impact on the scienti�c
return of the mission. Energy is stored in three lithium-ion batteries with a
total capacity of 64.8 Ah to be used during the eclipse. The power is completely
adjusted to 28 V.

3.2.4 Avionics

The attitude control (3-axis stabilization) is achieved using two units of 3-
axis inertial measurement, a set of two stellar cameras and two sun sensors,
gyroscopes, accelerometers, and four 12 N·m·s reaction rotors. The pointing
accuracy is 0.04° with respect to the inertial reference system and 0.8 ° to the
Mars orbit. Three systems on board Mars Express help to maintain a very pre-
cise pointing accuracy, which is essential to allow the satellite to communicate
with Earth.

3.2.5 Communications Subsystem

The communication subsystem is composed of three antennas: a parabolic
antenna with high gain of 1.7 m in diameter and two omni-directional antennas.
The �rst provides the connections (remote control in uplink and telemetry in
downlink) in both the X-band (7.1 GHz) and in S-band (2.1 GHz) and it is
used during the nominal science phase around Mars. The low gain antennas
were used during the launch and in the �rst operations on Mars and may be
used in case of necessity in the orbital phase around Mars.

Two UHF antennas have been mounted on the upper part for communica-
tion with Beagle 2.

3.2.6 Earth Stations

Although communications with Earth were originally scheduled to be made
with the ESA Ground Station (35 meters antenna) located in New Norcia
(Australia), the mission pro�le, aimed to a progressively improving of �exibility
in the scienti�c return, has led to use the ESA ESTRACK Ground Station in
Cebreros Station which is located in Madrid (Spain).

Moreover, further agreements with the NASA Deep Space Network have
made possible the use of American stations in the planning of the nominal
mission, thus increasing the complexity, but with a clear positive impact in
the scienti�c return.

This cooperation between di�erent agencies has been made possible thanks
to the adoption by both agencies of Space Communications Standards set out
in the Consultative Committee for Space Data Systems (CCSDS).
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3.2.7 Thermal Control

The thermal control is maintained through the use of radiators, �multi-layer�
insulation, and controlled active heaters. The satellite should provide an op-
timal environment for the instruments and equipment on board. Two instru-
ments, PFS and OMEGA, have infrared detectors and they need to be kept at
very low temperatures (about 212 K for PFS and about 180 K for OMEGA),
as well as the sensors on the camera (HRSC). But the rest of instruments and
equipment on board work optimally at room temperature (10 - 20°C).

The satellite is covered by a coating of gold Kapton (multi-layer thermal
cover), which maintains a temperature of 10 - 20°C inside the vehicle. The
instruments that operate at low temperatures are thermally insulated to be
kept cool from this relatively high temperature, and emit the excess heat in
space using the appropriate radiators [70].

3.2.8 Control Unit and Data Storage

The vehicle uses two control and data management units with a 12 GigaBits
solid state memory [70] for storing data and the information management
during the transmission phase. The onboard computer controls all aspects
concerning the satellite operation including instruments power on and o�, the
evaluation of its orientation, and the whole management.

3.2.9 The Lander

The objectives of the Beagle 2 lander were to characterize the geology, min-
eralogy, and geochemistry of the landing site, the physical properties of the
atmosphere and of the surface layers, collect data on Martian meteorology and
climatology, and look for possible evidence of life. However, the landing at-
tempt was unsuccessful and the lander was declared lost (section 3.1). A court
of inquiry about Beagle 2 identi�ed four possible causes for the lander failure,
including the insu�cient strength of the airbags and problems with parts of
the landing system, but was unable to reach any de�nitive conclusion.

3.3 Mars Express Instruments

The scienti�c objectives of Mars Express are to obtain a high-resolution (10 m
resolution) global photographic map, the mineralogical mapping (100 m) and
the mapping of atmospheric composition, to study the subsurface structure,
the global atmospheric circulation, and the interaction between the atmosphere
and surface, and between the atmosphere and the interplanetary medium.

The Mars Express Payload is composed by the following instruments:

� Analyzer of Space Plasmas and Energetic Atoms (ASPERA):
It studies the interaction between the upper atmosphere and the solar
wind. Its mass is 7.9 kg [47].
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� High Resolution Stereo Camera (HRSC): It produces color images
with a resolution ranging up to 2 m. Its mass is 20.4 kg [47].

� Mars Radio Science Experiment (MaRS): It uses radio signals to
study the atmosphere, gravity and density of the solar corona during the
solar conjunctions. It uses the communication subsystem.

� Sub-Surface Sounding Radar Altimeter (MARSIS): A radar al-
timeter used to estimate the sub-soil composition in search of ice and
liquid water. This instrument includes two antennas of 20 m and has a
mass of 13.7 kg [47].

� Mars Express Lander Communications (MELACOM): It allows
to Mars Express to act as a communications transit station for landers
on the Martian surface. It has been tested with the Mars Exploration
Rovers, and was used to support the landing of NASA Phoenix mission.

� Visible and Infrared Mineralogical Mapping Spectrometer (OMEGA):
It determines the mineralogical composition of the surface with a reso-
lution of up to 100 m [37]. This instrument is a spatial dispersion spec-
trometer [47].

� Planetary Fourier Spectrometer (PFS): It observes atmospheric
temperature and pressure, as well as it can study the composition of the
atmosphere. This instrument is a Fourier transform interferometer and
has a mass of 30.8 kg [47].

� Ultraviolet and Infrared Atmospheric Spectrometer (SPICAM):
It evaluates the elemental composition of the atmosphere by spectral
analysis. This instrument is a spatial dispersion spectrometer in the UV
and IR ranges and has a mass of 4.7 kg [47].

� VMC: A small camera to monitor the lander ejection.

Table 3.1 summarizes the instruments on-board Mars Express with the corre-
sponding Principal Investigators (PI) and origin institutions.

Name P. I. Institution

ASPERA R. Lundin Swedish Institute of Space Physics

Beagle 2 C. Pillinger Open University, Milton Keynes, Uk

HRSC G. Neukum DLR, Institut fur Planetenerkundung, Berlin, Germany

MaRS M. Patzold University of Koln, Germany

MARSIS G. Picardi Università di Roma �Tor Vergata�, Italia

OMEGA J-P. Bibring Institut d'Astrophysique Spatiale, Orsay, France

PFS V. Formisano Istituto di Fisica dello Spazio Interplanetario, Roma, Italia

SPICAM J-L. Bertaux Service d'Aèronomie, Verrières-le-Buisson, France

Table 3.1: Mars Epress Instruments, Principal Investigators and origin institution.

Below we will brie�y describe some instruments aboard the Mars Express
orbiter. The PFS will be described in more detail in section 3.4.
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3.3.1 MaRS: Mars Radio Science Experiment

The Mars Radio Science Experiment (MaRS) has the ability to probe the Mar-
tian atmosphere and ionosphere during the occultation with the Earth. During
the occultation events, the MEX satellite disappears behind the planetary disk
of Mars as seen from Earth, with the result that both the uplink and downlink
radio signals pass through the ionosphere and atmosphere from the surface up
to a maximum altitude of about 1500 km [165].

The main scienti�c objectives can be summarized as:

� Probing the neutral atmosphere of Mars to retrieve density, pressure and
temperature vertical pro�les as a function of the altitude with a vertical
spatial resolution better than 500 meters;

� Probing the ionosphere to retrieve the ionospheric electron density pro-
�les and provide a description of the Martian ionosphere through its
diurnal and seasonal variations depending only on the solar wind condi-
tions;

� Determining the dielectric and di�usive properties of Martian surface in
speci�c target areas by means of a bistatic radar experiment;

� Determining the gravity anomalies for the investigation of the structure
and evolution of the Martian crust and lithosphere, together with the
observations of HRSC as basis for the three-dimensional topography;

� Probing the solar corona during the superior conjunction of the planet
Mars with the Sun.

For these studies the Telemetry, Tracking and Command (TTC) sub-systems
for the radio link between the orbiter and the Earth have been used. The
simultaneous and coherent dual-frequency signals, one in the X-band (8.4 GHz)
and the other in the S-band (2.3 GHz) through the High Gain Antenna (HGA),
allow the separation of contributions by the simple Doppler shift and by the
dispersion e�ects of the medium caused by the satellite motion relative to Earth
and by the propagation of signals through the dispersive medium, respectively.

The MaRS study depends on the observation of the phase, amplitude, po-
larization and propagation times of radio signals transmitted from the satellite
and received by the antennas of the receiving station on Earth. Radio signals
are a�ected by the medium through which the signal propagates (atmosphere,
ionosphere, interplanetary medium, solar corona), by the gravitational in�u-
ence of the planet on the spacecraft and �nally by the performance of the
various systems involved in both the satellite and Earth.

3.3.2 MARSIS: Sub-Surface Sounding Radar Altimeter

The MARSIS instrument (Sub-Surface Sounding Radar Altimeter) is a low
frequency radar which transmits pulses and receives the corresponding echoes.
MARSIS is used for the radar sounding of the ionosphere as well as the sub-
surface. Its main scienti�c objectives can be summarized as:
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� Mapping the water distribution in the upper part of the crust down to a
depth of 3 - 5 km;

� To examine the sub-surface geology;

� To characterize the topography of the planet;

� To examine the ionosphere, to understand its characteristics and its in-
teractions with the solar wind [48].

The MARSIS instrument is composed by

� a subsystem having a primary dipole antenna, which is 40 m long, for
the transmission and reception of electromagnetic pulses and a secondary
unipolar antenna, measuring 7 m, for the exclusion of parasite echo com-
ing from the surface;

� a radio frequency subsystem which contains both the transmitter and
the two digital receivers, one for the dipole antenna and the other for the
unipolar one;

� an electronic digital subsystem which includes a signal generator, a con-
trol and a processing data units.

The MARSIS operates both in passive (receiving only) and in active mode.
The passive mode carries out in-situ measurements of electron density by the
thermal emission at the electronic plasma frequency. In the active mode, MAR-
SIS transmits a pulse MARSIS at a certain frequency and then it measures
the radar echo re�ection intensity as a function of the signal delay.

Figure 3.1: Representation describing the the MARSIS instrument operation and

the possible detection of underground water reserves.

The transmission and reception cycle is repeated at a �xed rate under
the control of the system called �Pulse Repetition Frequency�. Of the �ve
bandwidths (Fig. 3.2) the �rst is only for the ionosphere sounding, while the
other four are for the sounding of both the ionosphere and the subsurface. The
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Figure 3.2: The �ve bands of MARSIS receiver. The �rst is only for the ionosphere

sounding, while the other four are for the sounding of both the ionosphere and the

subsurface.

active mode performs the ionosphere sounding in the orbiter passages at an
altitude below 1200 km, both during the day and the night. The sinusoidal
pulses, having a nominal duration of 91.4 µs, are sent in 160 frequencies, which
cover the range from 100 kHz to 5.5 MHz [169]. The pulse is transmitted every
7.85 ms by the dipole antenna and the intensity of each echo return is detected
in a frequency band of 10.9 kHz digitally constructed and centered on the
frequency of the transmitted pulse. The echo delay is determined by sampling
the signal intensity in 80 temporal cells equally spaced, extending from 0 to
73.1 ms after the transmitted pulse. The total frequencies range, 5400 kHz,
is divided into 495 small intervals of 10.9 kHz for each one. Among these 495
frequency values, only 160 are chosen having a fractional frequency di�erence
equal between them on a quasi-logarithmic scale. Some of these 160 frequency
values have been replaced by nearby frequency values because the high level
of interference caused by the satellite electronics at certain frequencies. A
full scan of all 160 frequencies employs 1.257 s, and the entire basic cycle is
repeated every 7.54 s.

Figure 3.3: Example of a typical ionogram retrieved by MARSIS data, in which it

is possible to clearly recognize the vertical and oblique ionospheric echoes, as well as

the re�ection from the surface.
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It is important to investigate the ionosphere of Mars both because we know
relatively little about it and because it has a strong in�uence on the surface
and subsurface exploration. Since the electronic plasma frequency is given by
fp = 8980

√
ne, where ne is the number density electronics in cm−3, the sound-

ing is possible because radio waves at a certain frequency f are re�ected by
the ionosphere if f = fp. The re�ection occurs because the free space cannot
propagate electromagnetic waves through an ionized gas at frequencies below
the electronic plasma frequency [97]: when the wave frequency is equal to fp,
the vertically incident radio waves on the horizontally strati�ed ionosphere
are re�ected back towards the satellite. The transmission through the iono-
sphere is possible only at frequencies higher than the maximum frequency of
inospheric electronic plasma. Even at frequencies higher than the maximum
fp the ionosphere still has an e�ect on the radar signal because the refractive
index deviates from the value that it would have in the free space (n = 1)
[169, 97]: this e�ect is called �dispersion�.

The MARSIS ionospheric radar soundings showed that the ionosphere of
Mars is in good agreement with the expectations of the photo-equilibrium the-
ory (Chapman, 1931) for the origin of planetary ionosphere. The data also
revealed a number of not expected features, including echoes which recur with
electron cyclotron period, large variations in the absorption apparently caused
by energetic solar events, oblique echoes caused by ionospheric structures asso-
ciated with magnetic �elds of the Martian crust, widespread echoes apparently
caused by di�usion by ionospheric irregularities, and ionospheric holes. Since
the subsurface sounding must be carried out at frequencies much higher than
the maximum electronic plasma frequency in the ionosphere and under con-
ditions of low ionospheric absorption, has been demonstrated that these mea-
sures are very useful for planning subsurface sounding operations. The echoes
of electronic cyclotron also provide a new method to measure the strength of
the local magnetic �eld, since Mars Express does not have a magnetometer.

3.3.3 OMEGA: Visible and Infrared Mineralogical Map-

ping Spectrometer

OMEGA, born by the international collaboration between France, Italy and
Russia, is an imaging spectrometer in the visible and near infrared, which
operates in the spectral range 0.35 - 5.2 µm. This instrument is designed
to provide the mineralogical and molecular composition of the surface and of
atmosphere of Mars. OMEGA has two channels, one for the visible radiation
(0.35 - 1.0 µm) and the other one for the IR radiation (1.0 - 5.2 µm). Both
channels include:

� a telescope;

� a spectrometer;

� a device for focusing the light on a CCD (charge coupled device), in the
case of the visible channel, and on two InSb arrays, in the case of the IR
channel.
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Figure 3.4: Top: Events distribution of oblique echo as a function of the angle be-

tween the magnetic �eld and the vertical axis as measured by MARSIS [98]. Bottom:

Representation of the ionospheric density structures that are responsible for oblique

ionospheric echoes.

The visible channel uses a 384 x 288 pixels CCD that, in the prede�ned oper-
ational modes, are coupled in 3 × 3 or 3 × 2, giving a spectral resolution of
7 nm and 4 nm, respectively. The total �eld of view is 8.8°. The IR channel
is divided into two subchannels operating in the wavelength range 1.0-2.7 µm
and 2.6-5.2 µm, with a spectral resolution of 13 and 20 nm, respectively. The
detectors are constituted by 128 InSb in series detectors, each cooled to 70K by
a dedicated cryogenic cooling system, while the two spectrometers are cooled
to 190K by a passive radiator. The instrument weighs 29 kg (Fig. 3.5).

Figure 3.5: The OMEGA instrument in the laboratory. We can see two entrance

windows for the visible and the IR channels.
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With the progress of the Mars Express orbiter in its orbit, OMEGA builds
gradually the planet map into squares, which correspond to pixels, with sides
ranging from 4 km to 300 m on the surface. One of the main goals of this
instrument is to generate a map of the entire surface with a resolution of 1 to
4 km and of the selected sites (2 - 5% of the Martian surface) with a resolution
of 300 m. The OMEGA high spatial resolution had never been achieved before:
this feature and its spectral range make possible to identify speci�c minerals on
Mars more accurately than any other instrument aboard a previous spacecraft.

OMEGA maps silicates, the surface iron content, the oxidation level of
the iron, the hydration of rocks and clay minerals and the abundances of the
non-silicates, such as carbonates and nitrates. The knowledge of this com-
position is necessary for an understanding of many issues about Mars. Our
understanding of the tectonic history of the planet, for example, becomes in-
creasingly profound thanks to more accurate knowledge of the location and
composition of igneous rocks. The climatic history and the current climate of
the planet are studied through accurate measurements of the content of water
and carbon dioxide in the ice caps, because these quantities vary with the sea-
son. In addition, OMEGA studies indirectly carbon dioxide from the calcium
carbonate measurements, in fact it is created when water containing dissolved
carbon dioxide reacts with calcium. Therefore, the discovery of sedimentary
rocks consisting of carbonates on Mars would be strong evidence of the fact
that the planet housed for a long time liquid water on the surface, with the
possibility to support the existence of simple living organisms. The major ob-
jective of OMEGA lies in mapping the bands intensity at 3.6 µm and 3.9 µm
(calcium carbonate), and at 3 µm (water) on the Martian surface.

3.3.4 SPICAM: Ultraviolet and Infrared Atmospheric Spec-

trometer

SPICAM is a UV-IR small instrument originally designed for the Mars 96
mission, and used, after the application of some changes, for the Mars Express
mission: its aim is the study of the Martian atmosphere.

A UV spectrometer (118 - 320 nm, with spectral resolution of 1.5 nm)
works in three di�erent operational modes: in the �rst mode, nadir pointing,
the instrument points directly Mars and the sensor detects the sunlight that
has passed through the atmosphere after being been re�ected from the planet
surface; in the second mode, solar-stellar occultation, the instruments points
a star, or the Sun, and directly measures the radiation absorbed by the atmo-
sphere; in the third mode, limb pointing, the instrument points the atmosphere
without the presence of a star in the background, thereby it measures the ra-
diation emitted or scattered by the atmosphere. Thus, it is able to study the
ozone and its coupling with H2O, aerosols, vertical structures of atmospheric
temperatures and also the ionosphere.

The telescope of the SPICAM UV channel is a single axis parabolic mir-
ror, and in its focus there is a slit, which acts both to de�ne the Field of View
(FOV) and as the spectrometer entry slit. This instrument uses a toroidal holo-
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graphic grating, with the dispersion direction perpendicular to the slit. Thus,
each point of the slit has its spectrum perpendicular to it, the photocathode
of an image intensi�er with a cathode of CSTE (sensitive to UV radiation, but
not to the visible one), an electrons photomultiplier plate, and a phosphorus
output screen. The image is transferred from the screen by optical �ber cou-
pled to a Thomson CCD (384 × 288 pixels). The 288 rows of the CCD are
oriented along the spectral direction, and each line records the spectrum of an
entry point of the slit, with 384 spectral elements. The telescope focal length
is such that a pixel of the CCD covers a FOV of 0.01 × 0.01°.

A IR spectrometer (1.0 - 1.7 µm, with 0.5 - 1.2 nm resolution) makes only
nadir observations and it is dedicated to the study of H2O, CO2, CO, aerosols
vertical pro�les, and to the exploration of carbon compounds during solar
occultation. A simple processing units provides the interface of these sensors
with the satellite.

Figure 3.6: A SPICAM model used in pre-launch tests.

In the nadir orientation, the SPICAM UV is essentially an ozone detector,
by measuring the stronger O3 absorption band at 250 nm in the spectrum
of solar light di�used back from the surface. In the stellar occultation mode
the UV sensor measures CO2, temperature, O3, clouds and aerosols vertical
pro�les.

Temperature and density pro�les obtained with SPICAM help in the devel-
opment of meteorological and dynamical atmospheric models, from the surface
to 160 km in the atmosphere: this will be essential for future missions, which
could use the atmospheric friction to gradually bring a spacecraft to a desired
orbit (aerobraking), or on the surface (aerocapture).

The UV observations of the upper atmosphere allow the study of the iono-
sphere through the CO, CO+, and CO+

2 emissions, and their direct interaction
with solar wind. This instrument also allows a better understanding of the
escape mechanisms and to estimate their magnitude, crucial for the study of
the Martian atmosphere evolution.

The main scienti�c aims of SPICAM IR sensor are to map the whole H2O,
CO2, CO, HDO, aerosols, atmospheric density, and temperature vertical struc-
ture by solar occultation. The high spectral resolution of the IR spectrometer
allows the study and research of carbon compounds in the Martian atmosphere.
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3.4 Planetary Fourier Spectrometer (PFS)

The Planetary Fourier Spectrometer (PFS) [84] was built the �rst time for
the Russian Mars 96 mission. This instrument is a double pendulum Fourier
transform interferometer, with capabilities similar to the IRIS Mariner 9 ex-
periment in the thermal infrared wavelengths (250 - 170 cm−1 or 5.5 - 45 µm),
but with an additional channel for small wavelengths (SW), which covers the
spectral range from 1700 to 8200 cm−1 (1.2 -5.7 µm). The spectral resolution
is the same over the entire spectral range and it is equal to 1.3 cm−1.

The PFS aboard Mars Express is the result of the collaboration of several
groups from di�erent countries: Italy, Russia, Poland, Germany, France and
Spain. The �ight hardware has been produced in Italy (main electronics, which
controls the experiment, the interferometer block with the electronic control
and the GSE with the satellite simulator), and in Poland (the power supply
and pointing systems). Russia and Germany have produced some �ight parts,
whereas �ight software was produced in Italy. Although the project was taken
by the previous Russian Mars 96 mission, the implementation of a strong
revision had the e�ect of decreasing the original mass from 42 kg to 30.8 kg
for MEX.

Figure 3.7: Photos of the PFS instrument in the laboratory.

This instrument has been designed with the aim of solving the CO2 band
inversion problem at 15 µm to obtain the vertical pro�le of the atmospheric
temperature without any assumption about the pressure and temperature on
the ground, and to retrieve the dust content of the atmosphere. Another very
important goal is to obtain a complete global coverage of the planet Mars in
every season to study the seasonal variations in global circulation. The high
spectral resolution in the SW channel (resolving power greater than 5500)
allows to study the mixing ratio of trace gases in the atmosphere of Mars.
Furthermore, when the atmospheric transmissivity allows it, we can study the
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mineralogical composition of the soil, and in particular the hydrated minerals
and ice caps [159, 162].

In this section we will focus on the PFS description, on the operations in
space, on the problems encountered and on the two channels calibration.

3.4.1 Instruments Description

PFS is a double pendulum interferometer working in two wavelengths ranges
(1.2 - 5.7 and 5.5 - 45 µm). The radiation to be analyzed is divided into two
beams by a dichroic mirror. The two intervals correspond to two planes, one
above the other, in which the two interferometers are placed, so that the same
motor can move simultaneously the two pendulums and so the two channels
are simultaneously and independently sampled. The pendulum motion is con-
trolled accurately by means of a reference channel generated with a laser diode,
which uses the same optics used by Mars radiation. The same laser diode also
generates the sampling signal for the analog-digital converter (A/D), measur-
ing a di�erence in optical path length of 608.4 nm.

PFS Parameters SW Channel LW Channel

Spectral Range 1.2-5.5 µm (1700-8200 cm−1) 5.5-45 µm (250-1700 cm−1)

Spectral Resolution 1.3 cm−1 1.3 cm−1

FOV 1.6° 2.8°

Detector Type Photoconductor Pyroelectric

Detector Material PbSe LiTaO3

Temperature 210 K 290 K

Beamspitter CaF2 CsI

Max. optic. path di�er ±5 mm ±5 mm

Time for motion 5 s 5 s

Samplings number 16384 4096

Sampling step 608 nm 608 nm (over sampled )

Dynamical range 215 215

Spectral points 8192 2048

Table 3.2: Detailed parameters of the PFS instrument for the two channels (SW

and LW).

The PFS is divided into four parts, called modules, connected by cables to
various interfaces. The interferometer, with its optical and electronic systems,
is the main part of the experiment and is called �O Module�. The pointing
device, which allows to collect the radiation from Mars or from on-board cal-
ibration sources, is the �S Module�. The digital electronics, including the 32
Mbit mass memory and a device for the FFT calculation in real time, consti-
tute the �E Module�. The power supply unit, together with the two DC / DC
converters, a generator of reference voltage for the 16-bit Analog-to-Digital
converters and a second group of redundant power supply, is the �P Module�.
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3.4.1.1 PFS optical scheme

The optical scheme of PFS is shown in Figure 3.8. The incident IR beam arrives

Figure 3.8: PFS optical scheme.

(from a pointing mirror) on the input �lter which separates the radiation in two
beams and directs each of them in the appropriate channel (SW and LW) of the
interferometer. The pointing mirror (�scanner�) in front of the interferometer
allows the FOV (Field Of View) to be pointed along or laterally respect to
the projection of the �ight path on the Martian surface, and also directs the
FOV to the black body internal source and toward the deep space for in-�ight
calibration.

Each PFS channel is equipped with a pair of retrore�ectors attached through
bearings to an axis which is rotated by the torque generator, forming a double
pendulum. The same axis and the guide mechanism are used for both chan-
nels, which are placed one upon another. The di�erence in the optical path
is generated by the angular movement of the retrore�ectors [108]. This design
provides a more robust instrument than the classical Michelson interferometer.

The detectors are placed at the center of parabolic mirrors. The optical
path is changed by rotating the double pendulum shaft along its axis. In this
way, the optical path di�erence is four times greater than the displacement of
a single cubic mirror (retrore�ector) since the two mirrors move at the same
time. The dichroic mirror has the task of dividing the radiation in the two
spectral ranges: it re�ects all wavelengths smaller than 5.5 µm and transmits
the higher ones. The �lter that de�nes the bandwidth and eliminates the
radiation having a wavelength smaller than 1.2 µm is constituted by a silicon
window, having a cuto� at 1.24 µm and placed in the optical entrance of the
SW channel; this �lter is tilted by 1.5° to prevent the radiation from the source
which is partially re�ected on the detector.
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The double pendulum axis rotates by means of a brushless motor (two for
redundancy) which has no mechanical friction. Thus, the double pendulum
support is sustained by two ball bearings, which are characterized by very low
friction, while it was added an additional friction to stabilize the speed of the
pendulum.

If we set the zero optical path di�erence at the center of the mirror dis-
placement, we can acquire interferograms called "double sided". A double
sided interferogram has many advantages, including the lower sensitivity to
phase errors. A bilateral operation is taken to reduce the cycle time of each
measurement, but it is recommended a separate calibration for each direction
to keep the predetermined radiometric accuracy.

A laser diode (InGaAsP at 1.216 µm) acts as a spectral reference and its
detector is a infrared photodiode with maximum responsivity at about 1.2
µm. The beam of the reference channel is processed as the input signal so that
the optical path of the reference signal is exactly coincident with that of the
signal to be studied. In addition, each channel has its own reference beam and
the di�erent length of the double pendulum arms is completely compensated.
The beam path of the reference channel is just outside the Mars radiation
beam. Since the beam splitter of the LW channel is not transparent at the
corresponding laser diode wavelength used as reference, it has been included
a small special window during its manufacture so as to produce a negligible
attenuation of the laser beams through the beam splitter itself. The outgoing
beams of the two unused reference channels terminate in optical traps [170].

3.4.1.2 PFS-O Electronics

The most important block in the O-module electronics is the speed controller.
The interferogram zero-crossing of a monochromatic source with a very stable
wavelength can be used to sample the interferogram of the source that should
be studied. In the ideal case the interferogram of a monochromatic source
should be a pure sine wave, but this is not possible because its interferogram is
limited in time. In general, smaller is the reference source wavelength, greater
is the accuracy of the sampling.

PFS uses a laser diode emitting at 1216 µm as the reference source because
this type of device has a limited availability, and to simplify the optical design.
Since the wavelength of a laser diode depends on its temperature and power, it
must take special care in controlling them. The speed of the double pendulum
is such that a radiation is generated at a frequency of 2 kHz for the SW
channel: thus a pulses train with a frequency of 4 kHz comes out from the SW
reference channel electronics. The thermal control is very important for an
infrared interferometer and for this reason PFS uses eight points for reading
the temperatures and for heating the structure.

During launch and during the orbit insertion and orbital corrections maneu-
vers it has been used a locking system of the double pendulum. The procedure
for locking and unlocking takes a minimum of 10 min but it may be repeated
hundreds of times since it uses a para�nic actuator.

The SW channel detector is a photoconductor capable of working at low
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temperatures down to 200 K: its cooling is obtained passively by means of a
radiator and its support is partially isolated from the rest of the interferometer.
For the LW channel has been used a pyroelectric detector capable of working
without degradation in performance even at room temperature.

3.4.1.3 Operational Modes

The PFS experiment has three operational modes:

� Science Mode: used during the observing sessions;

� Sleep Mode: the interferometer and the pointing mirror are switched
o�, while the digital electronics keep data, receive remote controls, and
perform other activities;

� Autotest Mode: making a series of special measures to control the motion
stability, the optical alignment, and other special features.

3.4.2 Thermal Control

PFS must meet many contradictory requirements, as, in particular, what con-
cerns the SW channel detector, which needs to be cooled to 200-210 K, while
the rest of the experiment operates at 285 K. The temperature of the laser
diode needs to be stable within 0.1° to ensure that the motion is free from
problems caused by laser non-monochromaticity. The LW channel detector
needs to be thermally stable, to measure a variable planetary surface temper-
ature, because PFS works as a di�erential instrument.

The temperature of the laser diode is very well controlled and stable, so
that it is guaranteed a good stable motion of the double pendulum. Similarly,
the detector temperature of the LW channel is well controlled. On the other
hand, the detector temperature the SW channel is well cooled thanks to the
radiator provided by the satellite.

3.4.3 Mechanical Control

PFS has three mechanical devices, whose performance is essential for the func-
tioning of the experiment:

� Locking-release system: a para�n actuator used to lock the pendulum
during the launch of the spacecraft and during the other possible violent
maneuvers;

� Pointing mirror: it has eight possible positions: �ve around the Nadir
(0, ± 12.5°, ± 25°), one to deep space (+85°), and the other two to the
internal calibration blackbody and lamp;

� Double pendulum: it has only one motor for the two channels, plus a
spare motor.
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The motor speed, which must be as constant as possible, is controlled by
a system that uses the interferogram of the laser diode signal to generate a
feedback to keep it. The interferogram of the laser diode radiation is a sine wave
whose zero crossings are used to sample the interferogram of Martian radiation,
and at the same time, to control the pendulum speed. In the operational mode
called �Autotest�, it is measured the time between successive zero crossings as
a test for the quality of the motion speed. Incorrect laser diode temperatures
may occasionally generate a non-monochromatic signal, which generates a non-
uniform motion, and this problem can be revealed by the Autotest mode. Also
the external vibrations can generate a non-uniform motion, and these can
always be detected in the Autotest procedure (Fig. 3.9).

Figure 3.9: Example of Autotest measures acquired in the laboratory.

The time di�erence measured between the zero crossings determines the
speed: for the nominal speed, the interval between zero crossings should be
close to 250 µs (2000 Hz). On board MEX and in space, speed measurements
by the Autotest procedure gave a clear indication of the presence of mechanical
vibrations. In particular, the disturbance frequencies were identi�ed in the
spectrum of the laser diode radiation as a central peak at 595 Hz, with two
secondary peaks at 545 and 655 Hz. The e�ect of these disturbances is to
increase the noise in measurements in special narrow bands of wave numbers
equivalent to those of the mechanical vibration.

These frequencies depend on the speed used for the pendulum, so changing
it, it is possible to move the narrow-band with increased noise in di�erent parts
of the radiation spectrum. After a long study, the speed of the pendulum was
increased by 25% to reach the best compromise between noise in the LW and
SW channels. In practice, the compromise shifts the disturbances to a wave
numbers range of lower scienti�c importance.

3.4.4 In Flight Activity

During the observation session on a Mars orbit (pericentre passage) PFS ini-
tially performs the calibration measurements, pointing the scanner sequentially
toward deep space and the calibration sources. Then, PFS acquires a predeter-
mined number of measurements with the scanner pointing nadir. Finally, the
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calibration sequence is repeated. The Autotest is performed before the �rst
and after the second calibration sequence. Each measurement has a header
that contains all the necessary preparation information.

3.4.4.1 Data Transmission Modes

The data transmission mode de�nes the type of scienti�c data PFS must select
and store in the mass memory to be sent to Earth. The transmission modes 1-
14 are obtained with PFS functioning as operational science mode, while only
the transmission mode 0 is obtained when PFS is operating in the Autotest
mode.

For each transmission mode of scienti�c data, PFS acquires both LW and
SW interferograms, and if the spectra are required, it makes a fast Fourier
transform (FFT) of the interferograms. Finally, according to the data trans-
mission mode, PFS produces the required data. The instruments can transmit
both full interferograms or only their central part, however, providing a re-
duced spectral resolution.

3.4.5 Calibration of the LW Channel

The detector of the LW channel works at room temperature T0 and it is sen-
sitive to the temperature di�erence between the emitting source (Ts) and the
temperature of the detector itself. The amplitude of the measured signal is
therefore dependent on ∆T = |T0 − Ts|, giving great importance to the ther-
mal control of the detector during the calibration measurements.

The amplitude S(ν) of the LWC spectrum is proportional to the di�er-
ence between the radiance coming from the source to be studied I(ν) and the
instrument emission I0(ν):

|S(ν)| = R(ν) |I(ν)− I0(ν)| (3.1)

The proportionality factor R(ν) is the instrument responsivity. The instru-
ment emission I0(ν) depends essentially on its temperature. If the instrument
thermal conditions are stable, i.e., if I0(ν) remains constant during di�erent
observations, we can obtain the responsivity directly from equation 3.1 sim-
ply observing a reference blackbody with two di�erent temperatures and thus
eliminating the emission of the instrument itself I0(ν). Unfortunately, in this
case the instrument is not composed by a single block at the same temperature,
but by two parts: the detector and the optical bench. The detector tempera-
ture was not stable in the laboratory measurements, while the interferometer
temperature is not usually stable in space.

In order to achieve the best interaction model, several approaches have
been tried and the results are di�erent if developed by ground or in space
measurements [92]. In particular, the calibration procedure has been studied
in three di�erent cases:

1. By laboratory measurements using two external black body sources and
one internal to the instrument. The two external sources are the IFSI
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black body with a certi�ed emissivity of 0.970±0.005 in the range 8-15
and 3-5 µm, and the IKI black body, developed in Russia, but available
in IFSI, and having an emissivity of 1.0±0.1 estimated by laboratory
measurements in Lecce.

2. From measurements acquired during the space phase called Near Earth
Veri�cation (NEV).

3. From measurements acquired in orbit around Mars.

The detailed structure of the responsivity curve (Fig. 3.10) is determined
primarily by the properties of the beam splitters coatings, by the characteristic
transmission of the input window and by the spectral response of the detector.

Figure 3.10: Comparison between the responsivity measured in space (continuous

line), the responsivity measured in the laboratory with the IFSI black body (dotted

line) and the one with the IKI black body (dashed line) [92].

Once obtained the responsivity curve, and therefore the radiance, we can
calculate the NER (Noise Equivalent Radiance), which represents the radiance
that a source must have in order to produce a signal equal to that generated
by the instrumental noise, or in other words, the minimum detectable signal.
For a �xed source and for many measurements, the radiance as seen from the
PFS can be expressed as

bi,T (ν) =
Si,T (ν)

R(ν)
, (3.2)

where Si,T (ν) is the i-th spectrum of the measurement session with a blackbody
at the T temperature and R(ν) is the responsivity previously calculated.

Using all the spectra for various temperatures, the NER is given by
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NER(ν) =

√∑
T

∑
i

[
bi,T (ν)− bT (ν)

]2
n

, (3.3)

wherebT (ν) is the average radiance per temperature and n is the total number
of spectra. The NER of PFS in the laboratory o�cially adopted is taken from
measurements made in a thermal-vacuum chamber pointing the internal black
body, and it is shown in Figure 3.11.

Figure 3.11: NER obtained from internal black body measurements in a thermal-

vacuum chamber.

As previously mentioned (par. 3.4.3) it was necessary to increase the double
pendulum speed by the 25%, so the calibration procedure was repeated for this
new parameter. A di�erent speed implies a di�erent band-pass �lter applied
to the signal, then the spectral shape of the same source has become a little
di�erent, as well as the positions of the peaks induced by mechanical vibration
are also di�erent. From this study it was possible to note that the responsivity
and the NER calculated at di�erent speeds of the double pendulum have small
di�erences: in particular the responsivity curve calculated at 2500 Hz is slightly
higher before 500 cm−1 and lower after 500 cm−1.

On Mars, using the calibration procedures developed by both ground mea-
surements and during NEV, results were a�ected by problems: in fact, the
small oscillations due to optical modulation of the signal, having maximum
amplitude when the instrument points deep space, and minimum when Mars
has the same temperature of the instrument (287 K), have not been completely
eliminated, thus introducing unwanted structures in the spectrum. In this case
the equation 3.1 can be rewritten as

|S(ν)| = R(ν)I(ν)−R0I0(ν), (3.4)

i.e., the PFS responsivity of deep space observations must be considered dif-
ferent from the responsivity of Mars observations. On the other hand, the
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second term is the spectrum measured by observing the deep space. This
term is not constant since it depends on the interferometer temperature, and
it undergoes changes during the transit around the pericentre. Fortunately,
we have deep space measurements just before and just after this transit, so
we can interpolate the deep space spectrum at the temperatures measured for
each acquisition. The equation 3.4 provides the Mars radiance if you use the
correct responsivity. Sometimes, also the laser diode temperature is not con-
stant, then we must resample R at the corrected wave numbers taking into
account the laser diode temperature.

Finally, in this way, we obtain the thermal calibrated radiance emitted by
Mars. A typical single calibrated spectrum of Mars is shown in Figure3.12:
it is evident the very deep CO2 band at 15 µm, as well as a dust wide band

Figure 3.12: Typical calibrated spectrum of the PFS LW channel of a Mars mea-

surement.

between 850 and 1200 cm−1.

3.4.6 Calibration of the SW Channel

The SW channel detector is a semiconductor device, working at the cooled
temperature of T0 = 200-220 K. Since the same detector covers a wide spectral
range, the SW channel is capable to measure two di�erent regimes: thermal
radiation and re�ected solar radiation. This implies two di�erent behaviors
for the interaction of the system detector-instrument-source: in the thermal
regime there is an interaction similar to the one studied for the LW channel
(par. 3.12), while in the solar radiation range this interaction is negligible.
The solar radiation in the range 1.2-4 µm, if expressed in terms of brightness
temperature1, should give very high temperatures, certainly higher than the
detector temperature (Td = 210 K), and than the instrument one (Ti = 283

1The brightness temperature characterizes the brightness (or speci�c intensity) at a cer-
tain frequency and it is de�ned as the temperature of the black body having the same
brightness at that frequency.
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K). In the thermal radiation range of the SW channel, PFS is sensitive to the
temperature di�erence between the emitting source (Ts) and the temperature
of the detector, so the amplitude of the signal depends from ∆T = |T0 − Ts|.
This means that the thermal conditions of the instrument are very important:
in the laboratory it has not been possible to stabilize the detector temper-
ature at 200-220 K, as required, while in space, although not stably, these
temperatures are well achieved.

As in the case of the LW channel also as regards the SW channel the
calibration procedure has been studied in three di�erent cases (par. 3.12): on
ground laboratory, in NEV and on Mars. The calibration on the ground has
been carried out using four calibration sources, two of which are the same used
for the LW channel, and the others are: a �sphere integrator�, which provides
a radiance spectrum from 4000 to 8200 cm−1, and a �mercury lamp�, which
provides a series of Hg lines, with the strongest at 6537.74 cm−1. Moreover,
also the internal black body interior and the internal calibration lamp were
used as calibration sources.

The laser diodes used by PFS are, as already mentioned several times,
temperature sensitive. This aspect is very important because during a mea-
surement session, if the thermal conditions are not constant, the sampling step
changes from one measurement to another. The used laser diode has also the
tendency to have temperature ranges in which the wavelength is constant, and
temperature ranges in which the laser is not monochromatic, and the double
pendulum motion becomes disrupted, producing some �spiky� interferograms.
The two laser diodes of PFS were calibrated in wavelength as a function of
temperature using the mercury lamp (in laboratory) and some very narrow
and well known (Martian) CO2 lines together with the PFS monochromatic
transfer function.

The monochromatic transfer function of a spectrometer is a very important
function which must be measured because it introduces spurious structures in
the measurements, so we must also study it to verify the validity of the apodiza-
tion function adopted to eliminate the �ctitious negative lobes on the sides of
each spectral line. The transfer function of PFS was measured by pointing a
monochromatic source (the mercury lamp) for a long time. The temperature of
the laser diode, and thus the wavelength, changed with time, while maintain-
ing �xed the source, and then producing a relative displacement between the
source and the sampling point. The �nal result is a sinc-type function, while
the instrument seems to have a (not apodized) spectral resolution of 1.3 cm−1

(Fig. 3.13). The sinc function shows asymmetrical side lobes called �ringing�2,
important when studying individual lines in a spectrum. This e�ect is much
smaller with the apodization (Fig. 3.13).

The calibration of SW channel on Mars can be divided into two parts:
one related with the spectral range ν < 3900 cm−1 (thermal region) and the
other related with the spectral range ν ≥ 3900 (solar region). The thermal

2When an interferogram ends at a �nite length (real case), the monochromatic spectral
lines have �nite width and are accompanied by a series of side lobes, called ringing. The
monochromatic spectral lines are modulated by a sinc function.
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Figure 3.13: PFS not apodized (left) and apodized (right) monochromatic transfer

function measured with a mercury lamp, where F represents the line intensity.

responsivity in the thermal region can be obtained in the same way as the
channel LW one (par. 3.4.5):

S(ν) = R(ν)I(ν)− S0(ν), (3.5)

where S(ν) is the spectrum amplitude of the PFS SW channel when pointing to
a certain source, I(ν) is the radiance of the source, S0(ν) is the emission of the
instrument and R(ν) is the responsivity to be calculated. It is possible to use
the internal blackbody as calibration source and deep space measurements to
estimate the emission spectrum S0(ν): the latter depends on the temperature
of the interferometer, which is not constant during the transit to the pericentre.
So, even this time, as in the case of the LW channel (par. 3.4.5) we interpolate
the deep space spectrum in accordance with the interferometer temperature,
having its measurements available before and after the transit to the pericentre.

From the two in-�ight calibration sessions, we can calculate two responsiv-
ity curves by the equation 3.5 and then we can average them. However, since
the SW channel responsivity depends on the detector temperature, if this is
not stable we must interpolate the responsivity itself in agreement with the
actual detector temperature during the acquisition of each spectrum of Mars.

Since during the in-�ight calibration sessions only 10-20 internal blackbody
and deep space spectra are acquired, the responsivity curve calculated by the
equation3.5 is very noisy above about 2600 cm−1. In order to solve this problem
we use the calibration measurements obtained during the NEV activity (more
than 200 spectra) and a comparison with the Infrared Space Observatory (ISO)
SWS observation of Mars made in July-August 1997 [85].

From studies made in the laboratory it has been demonstrated that the
responsivity of the SW detector increases linearly with the temperature [93],
so the spectrum of the internal calibration lamp, with the SW detector cooled
to 212 K, is only 1-2 times higher than the signal with the detector at room
temperature, despite the predictions of saturation. The reason can be found
in a loss of optical alignment due, possibly, to the stress undergone by the PFS
during the launch phase.
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The responsivity of the SW channel on Mars in the solar spectral region is
given by:

R212K
Mars(ν) = R293K

Lab (ν)K(ν)V 2500
2000 (ν),

where R293K
Lab (ν) is the responsivity obtained in the laboratory, K(ν) is the ef-

fective increase in the SW channel responsivity when it passes from laboratory
conditions to the ones in space, and V 2500

2000 (ν) is the function that takes into
account the spectral changes introduced by the di�erent speed used in the
space (2500 Hz) and in the laboratory (2000 Hz).

Combining the thermal and solar ranges responsivities we obtain the entire
responsivity of PFS SW channel, and then from this it is possible to draw the
NER (Fig. 3.14).

Figure 3.14: Left: Total responsivity of the SW channel in operating conditions in

space, obtained by combining the responsitivies calculated for the thermal (dashed

line) and solar (continuous line) ranges. Right: The NER of the SW channel in

operating conditions in space. It is 10-20 times lower than the NER at room tem-

perature.

Finally, in this way, we obtain the calibrated radiance emitted by Mars.
A typical average Mars spectrum (1680 measurements) calibrated is shown
in Figure 3.15: we can clearly identify a number of absorption bands due to
CO, CO2 and water vapor present in the Martian atmosphere. The Planck
function for T = 275.5 K (average temperature of the PFS averaged spectra,
taken from the LWC channel spectra) reproduces very well the thermal part
of the observations.
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Figure 3.15: Calibrated PFS average spectrum in the range 1750-4200 cm−1 in

which there are shown the main absorption bands. The dashed line represents the

Planck function for a blackbody at a temperature of 275.5 K, and it reproduces the

thermal part of the spectrum.
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Chapter 4

PFS Data Analysis

The study of data acquired by the PFS instrument, with the aim of retrieving
the concentrations of water vapor and carbon monoxide in the atmosphere of
Mars, requires the development of an analysis method suitable for this purpose.

Although there are several H2O and CO absorption bands in the spectral
range covered by PFS, we used the 2.6 µm (3845 cm−1) band for the water
vapour and the 2.36 µm (4235 cm−1) band for the CO analysis, because these
ranges are less a�ected by instrumental problems compared with the other
ones, and are out of the thermal range limit, avoiding in this way calibration
problems due to thermal inversions in the PFS/SWC spectrum (Fig. 4.1).

This chapter describes the analysis method developed for the study of the
H2O and CO concentrations in the atmosphere of Mars [183].

4.1 Data

Apodized spectra were used for this work because of their noise reduction and
the decrease of the �overshooting� e�ect in the red wing that is typical for the
PFS instrumental function. The spectral response function of the instrument
has a FWHM1 of 2.04 cm-1 with Hamming apodization and a sampling step of
1.05 cm-1. The loss of spectral resolution caused by the use of apodized spectra
is not a problem, because the abundance analysis is done on absorption bands
and not on single lines.

Regarding the in-�ight performance, there are three causes for instrumental
uncertainties that have to be taken into account: problems with radiometric
calibrations, random noise due to the detector and AD converter and the
in�uence of spacecraft vibrations [93]. The apparent partial loss of the optical
alignment during the launch makes the absolute radiative calibration a di�cult
task, because it causes a modulation in the spectrum that must be corrected.

These instrumental uncertainties may alter the e�ective depth of the ab-
sorption lines, leading to errors in the estimations of gas abundance. In order

1The �Full Width at Half Maximum� (FWHM) is an expression of the extent of a function,
given by the di�erence between the two extreme values of the independent variable at which
the dependent variable is equal to half of its maximum value. In spectroscopy it expresses
the spectral resolution.
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Figure 4.1: Portion of a typical mean apodized spectrum acquired by the PFS SW

channel in the spectral range 2000-4400 cm−1. We can clearly recognize the H2O

(3846 cm−1) and CO (2150 cm−1 and 4235 cm−1) absorption bands.

to reduce the noise and thus to improve the signal-to-noise ratio (S/N), we
used average spectra and, to be independent on the absolute calibration, we
analyzed the relative band depths. As inferred by Comolli and Saggin [56]
and con�rmed by Giuranna et al. [94] the spacecraft vibrations a�ect only the
level of the continuum leaving unaltered the relative depth of the atmospheric
absorption lines.

4.2 Analysis Procedure

In order to retrieve the H2O and CO concentration in the Mars atmosphere, we
developed an analysis algorithm. The procedure carried out can be articulated
in several points:

1. Reading of the averaged spectrum and its geometry data;

2. Wavelength grid correction;

3. Extraction of a vertical temperature and pressure pro�le from the Mars
Climate Database (MCD, version 4.2 [80]);

88



4. Creation of synthetic spectrum by a line-by-line calculation of monochro-
matic opacities for CO2, H2O (considering the saturation level of water,
as de�ned in Section 4.2.2) and CO on the basis of MCD input. The
obtained transmittance spectrum is multiplied with the solar spectrum
and convolved with the PFS instrumental function;

5. Ratio of the averaged PFS spectrum and of the synthetic spectrum by
their own speci�c de�ned continuum (normalization);

6. Finding the H2O and CO mixing ratio in a �tting loop using a χ2 mini-
mization;

7. A posteriori CO values correction.

Moreover, we consider dust and ice aerosols particles, assumed to have an expo-
nential vertical distribution. The properties of dust as a function of wavenum-
ber are those proposed by Ockert-Bell et al. [158], whereas for water ice we
used infrared refractive indices published by Hansen [101]. The grain size dis-
tribution used for the aerosols is that described in the model by Clancy et al.
[54].

In this section we will describe all these points in detail.

4.2.1 Wavelength Grid Correction

The wavelength sampling in the averaged measured spectra can be lightly
shifted because of the small temporal variations in the laser diode temperature
and in the pendulum motion. Then, it is necessary to follow a correction
procedure for the spectrum grid. The correction is done for each individual
spectrum using a reference synthetic spectrum, which contains 300 ppm of
H2O and 800 ppm of CO: in this way the exact wavelength of each absorption
line is well de�ned. The procedure consists in the choice of three minima,
representing the position in wavelength of three strong absorption lines in the
spectral range where the absorption band of interest is contained, both for
the observed and synthetic spectra. The correction factor for the wavelength
grid is the mean value of the ratio between the wn (wavenumber) positions
in the measured spectrum (wnm) and the corresponding ones in the synthetic
spectrum (wns), i.e.

corr =

∑3
i=1

wnmi
wnsi

3
. (4.1)

Averaging the three values is necessary because the correction factor can some-
times be slightly di�erent over the whole spectral range considered. Therefore,
in order to obtain the corrected spectrum it is su�cient to divide the old wave-
length grid by the correction factor and then to interpolate the spectrum on the
new grid (Fig. 4.2). The correction factor ranges from 1.00000 to 1.00046, with
a mean value of 1,000180.00008 and a peak value of the histogram distribution
of 1.00015±0.00015.
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Figure 4.2: Typical examples of the correction procedure for the wave number

spectral ranges containing the H2O (left) and the CO (right) bands in which we have

highlighted the points chosen for this purpose.

4.2.2 Vertical Atmospheric Pro�les

Before the computation of synthetic spectra, geometry data (Latitude, Longi-
tude, Ls, Local Time and Altimetry) of the individual mean spectrum are used
as input for the MCD Global Circulation Model (GCM) [80], which provides
the vertical temperature and pressure pro�les. We divided the atmosphere
in 65 layers and the vertical resolution of our model decreases with altitude,
going from about 400 m close to the surface, to 7 km at 115 km.

Alternatively, the vertical temperature and pressure pro�le can be obtained
from PFS/LWC measurements using the approach by Grassi et al. [96].

Consequently the temperature pro�le determines the saturation pressure
ps over ice (given in [Pa]) of the water vapour, according to the formula by
Marti and Mauersberger [140] for the temperature T :

log ps = −2663.5± 0.8

T
+ (12.537± 0.011) (4.2)

Typical temperature and pressure vertical pro�les provided by the MCD
model are shown in Figure 4.3.

4.2.3 The Synthetic Spectrum

The atmospheric modelling was performed using the approach of Ignatiev et al.
[112], thus considering the multiple scattering and the LTE (Local Thermody-
namic Equilibrium2) conditions. Synthetic spectra are calculated line-by-line
using the absorption coe�cients extracted from precalculated gaseous opac-
ities for the temperature and pressure pro�le of interest. The spectral lines
are extracted from the molecular spectroscopic database HITRAN 2004 [178].

2We have a Local Thermodynamic Equilibrium condition when the intensive parameters
(which do not depend on the system size or the amount of material in the system, as the
temperature) are varying in space and time, but they are varying so slowly that, for any
point, one can assume thermodynamic equilibrium in some neighborhood about that point.
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Figure 4.3: Typical temperature and pressure vertical pro�les provided by the MCD

model.

Like other databases, it contains, in particular, the following spectroscopic
information for each line included:

� ν0: central line position (the subscript �0� indicates �normal conditions�,
ie at temperature T0= 296 K, and pressure p0= 1 atm = 101325 Pa);

� S(T0) : line intensity;

� αair(P0, T0) : line half-width due to the air-broadening;

� αself (P0, T0) : line half-width due to the self-broadening;

� E ′′ : lower state energy of the transition;

� m : temperature dependence index of the Lorentz half-width.

Moreover, the FORTRAN codes of HITRAN include a subroutine for calcu-
lating the statistical sum Q(T )3. From these information we can calculate the
gaseous absorption properties [178]. The absorption cross-section per molecule
[cm2] in a spectral line, considering a Voight line-shape4, is given by the formula

σν =
Sa

π3/2β

∫ ∞
−∞

e−t
2

a2 + (x− t)2
dt, (4.3)

with a = α/β and x = (ν − ν0) /β, where S is the line intensity, ν0 is the
line center, α is the Lorentz half-width, β is the Doppler half-width, which is
de�ned as

β =
ν0
c

√
2RT

M
, (4.4)

3The statistical sum (or partition function) is a function used in the statistical equilibrium
physics and it is equal to a normalization constant in the density expression of a Gibbs'

canonical ensemble.
4The Voight pro�le of a spectral line combines the Lorentz and Doppler e�ects in the

functional form f(ν) = A
∫∞
−∞

γe−t2

[(ν0−ν)−t]2+γ2 dt, where A is a normalization constant and γ

is a parameter related to the width of the pro�le function.
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where R is the universal gas constant, T is the temperature, and M is the gas
molecular weight expressed in [g/mole]. The integral over t can be calculated
using special procedures, described for example in [110] or in [142].

If we know the Lorentz half-width α(p0, T0) at pressure p0 and temperature
T0, it can be calculated also for other pressures and temperatures by means of
the formula:

α(p, T ) = α(p0, T0)
p

p0

(
T0
T

)m
, (4.5)

wherem is a particular parameter for each individual line. When the collisional
cross-section is not dependent on temperature, the theory gives m = 0.5, but
in practice m is slightly di�erent. Moreover, we have to keep in mind that
since this database was created for the Earth's atmosphere, the correction for
an atmosphere dominated by CO2 (Mars case) is done using a broadening
parameter varying between 0.9 and 1.9 from line to line [87]. In our case the
broadening factor is set to 1.3, as done by Fedorova et al. [112].

However, we have to notice that the formula given by [177] for the half-
width of the Lorentz line includes both the air and the self broadening:

α(p, T ) = (αair(p0, T0) (p− ps) + αself (P0, T0)ps)
1

p0

(
T0
T

)m
. (4.6)

However, the validity of the formula 4.6 is not evident, indeed summing the
opacity rather than the half-widths seems more reasonable, and for minor gases
it might give only a very small correction to the spectra. For this reason, in
our code we used the formula 4.5.

The line intensity for any temperature (for the HITRAN database) is de-
�ned as follows:

S(T ) = S(T0)
Q(T0)

Q(T )
exp

{
−c2E ′′

(
1

T
− 1

T0

)}
1− exp (−c2ν0/T )

1− exp (−c2ν0/T0)
, (4.7)

where c2 = hc/kb, S(T0) is the line intensity at temperature T0, E
′′ is the lower

state energy of the transition, Q(T ) is the complete statistical sum (rotational
+ vibrational).

The total opacity produced by all the lines is equal to the sum of the
opacities of individual lines:

σν =
∑
i

σνi (4.8)

The absorption coe�cient for unitary path length for a hypothetical mixing
ratio of 100% is equal to

k1ν = σνn, (4.9)

where n = p/(kbT ). The optical depth τν is the integral of k1ν times the
mixing ratio q(l) along the vertical axis or the line of sight, depending on the
considered particular situation:

τν =

∫
k1ν(l)q(l)dl. (4.10)
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The transmittance is simply de�ned as the exponent of the optical depth
along the line of sight:

tν = e−
τν

cos θ . (4.11)

In the solar region, we often deal with the total transmittance of the atmo-
sphere from space to the surface and on the contrary:

tν = e
−τν

(
1

cos θ0
+ 1

cos θ

)
, (4.12)

where τν is the total optical depth in the nadir direction, θ0 is the solar zenith
angle, and θ is the zenith angle of the line of sight.

In the thermal region, the radiance Iν is the integral of the Plank function
over the transmittance from the bottom up to the top of the atmosphere, plus
the emission of the surface

Iν = ενBν(Ts)e
− τmax

cos θ +

∫ τs

0

Bν(T (τν))e
− τν

cos θ d
( τν

cos θ

)
= ενBν(Ts)·tνs+

∫ 1

tmin

Bν(T (tν))dtν .

(4.13)

In the near infrared, which is dominated by solar radiation, the radiance is
simply given by the solar radiation �ux of F 0

ν out of the atmosphere (divided by
π) multiplied by the total transmission of the atmosphere, taking into account
the surface albedo Aν :

Iν =
F 0
ν cos θ0
π

· Aν · e
−tν

(
1

cos θ0
+ 1

cos θ

)
. (4.14)

The high-resolution solar spectrum, used in our case, is the one provided by
Fiorenza and Formisano [78] and it is shown in Figure 4.4.

Figure 4.4: Solar spectrum from [78] used to calculate the synthetic spectrum.

93



The �nal step of the algorithm involves the convolution with the instru-
mental function Φ:

I(ν) =

∫
Iν′Φ(ν − ν ′)dν ′. (4.15)

The same operation is done with the monochromatic transmittance and re-
�ectance to calculate the convolved transmittance and re�ectance.

The spectrum is calculated considering a speci�c gas (H2O or CO) mixing
ratio, which is the tuning parameter in the retrieval algorithm. Variations
of the CO2 abundance in the atmosphere are considered as surface pressure
variations (taken from the MCD model or from PFS measurements) rather
than mixing ratio variations, which is assumed to be 0.9532

A typical apodized synthetic spectrum thus generated in the entire spectral
range of interest (2000-4400 cm−1) is shown in Figure 4.5.

Figure 4.5: Typical apodized synthetic spectrum generated in the spectral range of

interest (2000-4400 cm−1).

4.2.4 Spectra Normalization

In order to use the relative band depths, it is necessary to normalize the
spectrum to its continuum in the spectral region where the absorption bands of
interest are present. This purpose is achieved using the approach suggested by
Tschimmel et al. [112]. In this way we obtain a normalized synthetic spectrum
Nsyn(ν) and a normalized measured spectrum NPFS(ν) in the spectral ranges
from 3780 to 3950 cm−1 and from 4160 to 4300 cm−1 for analysis of water
vapour and carbon monoxide concentration, respectively.

The spectral continuum, both for the measured and the synthetic spectrum,
is de�ned as a piecewise function C(ν), linear between two local maxima. The
C(ν) function is chosen in order to take account of the possible variations
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of the instrumental behaviour and the di�erent spectral characteristics of the
albedo in the two spectral ranges considered for the H2O and CO analysis (�g.
4.6). . A local maximum is de�ned as the spectral point νM which has an

Figure 4.6: Typical examples of the continuum de�nition for PFS averaged measured

spectra in the spectral ranges containing the absorption band of H2O (left) and of

CO (right). We marked the selected points for the continuum de�nition with crosses.

higher radiance than its �ve adjacent spectral points, for the H2O analysis,
and higher than its three adjacent spectral points, for the CO analysis. The
choice of the best number of such spectral points for the continuum de�nition
represents the most reliable result obtained from several tests performed using
a di�erent number of spectral point steps. For each step, the best �t (χ2)
between the observed and the synthetic spectrum gives us the best estimate
of the number of spectral points to be considered in order to have the best
continuum de�nition.

Mathematically, the normalized spectrum is generated by

N(ν) =
I(ν)

C(ν)
,

where N(ν) is the normalized spectrum, I(ν) is the radiance spectrum and
C(ν) is the continuum.

4.2.5 Best Fit Procedure

In the best �t procedure for measured and synthetic spectra the mixing ratio of
the atmospheric component (H2O or CO) is the resulting variable parameter.
In the case of water vapour band, the mixing ratio is considered constant at
altitudes below the condensation level and equal to the saturation mixing ratio
above it, whereas for the CO analysis a constant distributed vertical pro�le is
considered. Therefore, the synthetic spectrum has to be calculated in each step
of the �tting loop in order to keep into account the changing of the saturation
level due to the variable H2O content. The �t criterion is the minimization of
the χ2 parameter, weighed by the instrumental noise and de�ned as
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χ2 =

∑np
i=1 (NPFS(νi)−Nsyn(νi))

2

np ·
(
NER/lcont√

nm

)2 , (4.16)

where the sum is extended on all the points of the normalized spectra in the
considered spectral range, np is the number of these points, the NER (Noise
Equivalent Radiance) [93] is assumed to have its mean value in the considered
range (0.023 and 0.035 erg · sec−1 · cm−2 · sr−1 · cm , for the H2O and the
CO, respectively), lcont is the mean continuum radiance in the spectral range
and nm is the number of the measured averaged spectra. We applied this
procedure to a spectral range where the absorption band is stronger and the
in�uence of the solar spectrum is not too strong, i.e, the 3785-3925 cm−1 range
for the H2O band and the 4200-4245 cm−1 for the CO band.

The synthetic spectrum calculation and its normalization are iterated in
a cycle that use a χ2 minimization method. The minimum χ2 provides the
�t quality. The method consists in generating, as a �rst step, a synthetic
spectrum with a mixing ratio arbitrarily chosen5, together with other two
synthetic spectra having a mixing ratio which di�ers from the �rst one for
the ±10%. For each of these three synthetic spectra the χ2 are calculated
and the resulting spectrum with the minimum χ2 takes the place of the �rst
spectrum generated in the �t cycle. For example, if the minimum χ2 minimum
results to be the synthetic spectrum with a mixing ratio +10%, this one is
regarded as a temporary possible candidate to be the best �t of the average
measured spectrum, then another synthetic spectrum having a +10% in the
mixing ratio with respect to the latter is then generated. The χ2 is again
recalculated and the minimum is detected, and the cycle continues, until the
temporary candidate for the best �t appears to be the one having the lowest
χ2 between the three compared synthetic spectra (with +0% and ±10% in
mixing ratio). At this point the step of variation of the mixing ratio between
compared synthetic spectra is decreased from ±10% to ±5% and the cycle
begins again starting with the best candidate synthetic spectrum previously
found. Similarly, when the candidate synthetic spectrum has the lowest χ2

between the three compared synthetic spectra (with +0% and ±5% in mixing
ratio), the loop stops providing the synthetic spectrum representing the best �t
of the PFS average measured spectrum with an accuracy of 5% in the mixing
ratio of analyzed atmospheric component. The corresponding minimum χ2

represents the value providing the quality of the �t, which is a measure of the
disturbance of the average measured spectrum due to instrumental behavior.
In Figure 4.7 the �owchart representing the retrieval algorithm based on the
χ2 minimization is shown.

Figure 4.8 shows an example of good quality spectral �t of the H2O ab-
sorption band for an averaged spectrum, corresponding to 200 single spectra
selected within the bin Ls=70°-75°, Lat=65°-70° N. The vertical atmospheric
pro�les have been calculated for a latitude of 68.2° N and a longitude of 21.4°

5Usually the mixing ratio for the �rst synthetic spectrum of the �t cycle is chosen taking
as reference the Martian atmospheric modeling currently available (MCD, vers. 4.2).
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Figure 4.7: Flowchart representing the χ2 minimization algorithm developed and

implemented for the concentrations analysis of of Martian atmospheric components.

E, during Ls=72.9° and a solar local time (Lt) of 8.82. In this case the analysis
algorithm gives us a mixing ratio of 297 ppm.

Figure 4.9 shows an example of good quality spectral �t of the CO ab-
sorption band for an averaged spectrum, corresponding to 243 single spectra
selected within the bin Ls=300°-305°, Lat=25°-30° S. The vertical atmospheric
pro�les have been calculated for a latitude of 27.5° S and a longitude of 10.6°
W, during Ls=301.9° and for a solar local time (Lt) of 10.63. In this case the
analysis algorithm gives us a mixing ratio of 640 ppm.

However, in spite of the good quality �t, some features, as for example
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Figure 4.8: Spectral �t example of the water vapour absorption band for an averaged

spectrum (normalized to its continuum), corresponding to 200 single spectra selected

into the bin Ls=70°-75°, Lat=65°-70° N. The retrieved mixing ratio is 297 ppm with

a minimum χ2 of 16 (over 130 sampling points).

Figure 4.9: Spectral �t example of the carbon monoxide absorption band for an

averaged spectrum (normalized to its continuum), corresponding to 243 single spectra

selected into the bin Ls=300°-305°, Lat=25°-30° S. The retrieved mixing ratio is 640

ppm with a minimum χ2 of 4 (over 40 sampling points).
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those around 3830 cm−1 and 3850 cm−1 in Figure 4.8, and those around 4245
cm−1 and 4260 cm−1 in Figure 4.9, remain not well �tted. These features are
common to almost all the spectra and their origin has probably to be found
in a wrong line broadening factor in the model, in systematic instrumental
features or in an unknown contribution of other atmospheric components.

When the averaged measured spectrum radiance level is too low, resulting
in a very low signal to noise ratio, or when particular albedo features do not
allow a correct continuum de�nition, it is not possible to obtain a good �t.
Therefore, results obtained with a poor �t quality will be excluded a posteriori
using a selection method that takes into account the χ2 value.

The presence of another CO absorption band in the PFS/SWC spectrum,
around 2150 cm−1, allows sometimes the comparison between concentration
values obtained from the two di�erent band �ts. The analysis of the this
absorption band does not require the correction for the modulation centered
around 5000 cm−1 and, at the same time, being very intense, it is not a�ected
signi�cantly by the instrumental noise. Therefore, in its analysis we do not
need to apply the spectrum normalization to its continuum before perform-
ing the best �t procedure. However, this band in the thermal region of the
spectrum, although it is more intense than the other one, hides some analysis
problems. The main problem is the calibration of the thermal region of the
spectrum, because it is a very complex task when in the spectra there are
one or more �thermal inversions�, which depend on the relative temperature
between Mars and the detector. Indeed, in the thermal radiation range (up to
2900 cm−1), the PFS/SW channel is sensitive to the di�erence of temperature
between the emitting source (Mars) and the detector temperature [93]. So,
when Mars becomes hotter or cooler than the detector, one or more �phase
jumps� occur and they prevent a good spectrum calibration. A typical �t ex-
ample of an ill-calibrated spectrum is shown in Figure 4.10. Unfortunately, we
have not still a stable algorithm able to perform this kind of phase correction,
therefore spectra a�ected by thermal inversions cannot be used in the retrieval
analysis.

Another signi�cant problem in the CO band analysis in the termal region of
the SWC spectrum arises in the generation of the synthetic spectrum having a
correct surface temperature, which deeply a�ects both the slope of the contin-
uum and the depth of the spectrum absorption lines in the this region. Since
the slope of the spectrum continuum in the thermal region of the PFS/SWC
re�ects the tail of a theorical theorical Planckian function, the surface temper-
ature has a great importance. Usually, the surface temperature corresponding
to an average spectrum of PFS is derived from the averages of surface temper-
atures corresponding to each spectrum involved. The surface temperatures are
extracted by means of a software package based on the algorithm developed
by D. Grassi et al. [96]. However, the surface temperature thus obtained does
not always turn out to be correct, as we can see in the comparison between
synthetic and measured spectra, where the slope is not the same. Figure 4.11
is a typical example of a no correct �t because of the di�culty in determining
the correct surface temperature, where this e�ect is re�ected on the depth of
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Figure 4.10: Example of a spectral �t (measurements 231-280 of orbit 1045) with

calibration problems in the thermal region. The values given for the CO mixing ratio

and for the χ2 are obviously meaningless.

the absorption lines.

Figure 4.11: Example of a spectral �t (measurements 21-70 of orbit 1034) with

problems in determining the correct surface temperature used to generate synthetic

spectra. The values given for the mixing CO ratio and for the χ2 are obviously

meaningless.

In some cases, in which it was possible to apply the same analysis procedure

100



described above (without spectrum normalization), in the spectral range 2100-
2180 cm−1, we have compared results from the two bands (an example is shown
in Figure 4.12). The retrievals obtained from the two bands, analysing the
same spectra, di�er by about 6%. The result of this comparison validates the
method used for the 4200-4245 cm-1 band.

Figure 4.12: Spectral �t example of the carbon monoxide absorption band in the

range 2000-2180 cm−1 for an averaged spectrum, corresponding to 243 single spectra

selected into the bin Ls=300°-305°, Lat=25°-30° S. The retrieved mixing ratio is

601 ppm with a minimum χ2 of 2. We compare this result with the one obtained

in Figure 4.9, referring to the same spectrum. We note that the di�erence in the

retrieved concentration is about 6%.

4.2.6 Corrections of CO values a Posteriori

The PFS/SWC spectrum has a spectral modulation, due to instrumental prob-
lems, centred at about 2 µm (5000 cm−1) which starts from about 4000 cm−1,
and therefore it a�ects the CO absorption band (4235 cm−1). Comolli and
Saggin [56] suggested that the modulation a�ects only the spectral continuum
level without changing the relative depth of the spectral features. Therefore
the normalization procedure should correct this e�ect and the mixing ratio
values should be independent on the spectral continuum slope. In order to
test a possible e�ect of the 2 µm spectral modulation on the CO band depth
we considered the 36174 good quality spectral �ts (χ2 < 25) and we studied
the mixing ratio values as a function of the slope of the spectral continuum in
the CO band spectral range. Figure 4.13 shows the retrieved values for the CO
mixing ratio (each point is the average of CO values for slope bins of 5 · 10−5)
as a function of the slope. It is clear from the �gure that there is a linear
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Figure 4.13: Trend of retrieved CO mixing ratio values on 36174 averaged spectra

as a function of the continuum slope (bins of 5 · 10−5). Two linear �ts are used to

�nd this dependence: y1(m) = 1297.75 + 249272.00 · m for m < −2.42 · 10−4 and

y1(m) = 903.285−1.38009·106 ·m form > −2.42·10−4. The error bars are calculated
as the data standard deviations.

relationship between the two quantities described by two linear �ts de�ned as:

y(m) =

{
1297.75 + 249272.00 ·m for m < −2.42 · 10−4

903.28− 1.38 · 106 ·m for m > −2.42 · 10−4

We have demonstrated that the 2 µm modulation a�ects the band depth
and therefore our result is not in agreement with the suggestion by Comolli and
Saggin [56]. Thus, we have to correct this modulation using the �calibration
function� y(m). The corrected mixing ratio value (cmr) can be calculated for
each data-point as follows:

cmr = omr · y(msynt)

y(m)
,

where omr is the retrieved mixing ratio value, y(msynt) is the reference mixing
ratio (903 ppm) and y(m) is the mixing ratio value of the calibration function
at a considered angular coe�cient m.

The reference mixing ratio y(msynt), considered as the expected mean value
of the whole dataset, has been obtained applying the calibration function to
the slope of the continuum of a synthetic spectrum (without modulation) in
the CO band.
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4.3 Saturation of the Absorption Bands

If the abundance of the studied atmospheric component is su�ciently high
and the intensity of the spectral lines of the corresponding band is very high,
these lines will not increase in depth beyond a certain mixing ratio limit.
Indeed, by increasing the abundance of the component which generates the
absorption beyond a certain limit, called band saturation limit, a corresponding
increase of the spectral lines depth is not observed in the spectrum, but we can
notice only a slight broadening of the lines themselves, and at the same time
a progressive growth of the importance of their wings, which tend to take on
the �damping pro�le� trend. Obviously, this observed e�ect is not su�cient to
represent the correct value assumed by the mixing ratio for the atmospheric
component whose bandwidth is saturated. Therefore, we need to study what is
the saturation limit for the H2O and CO bands we want to analyze, so that we
can exclude a posteriori, if needed, any data obtained for abundances beyond
this limit.

The saturation level is obtained from a study carried out exclusively on
synthetic spectra and it consists in generating identical spectra in the spectral
range where there is the band to be investigated by varying a single parameter:
the mixing ratio of the component present in this spectral range. In particular,
we generated 10 synthetic spectra, each with 0, 10, 100, 1000, 2000, 3000,
5000, 10000, 20000, 100000 ppm. In order to study the relative depth of
only the gaseous band we are interested in, each synthetic spectrum having
a mixing ratio of non-zero has been divided by the one having 0 ppm. This
normalization eliminates any spectral contribution due to other components,
leaving only the lines whose saturation we want to study (Fig. 4.14). From
the spectrum so normalized we choose the three most intense absorption lines
(Fig. 4.14) and on them we obtain, from time to time, the relative depth. By
plotting, in logarithmic scales, the percentage of relative depth of the three
selected lines as a function of the concentration of investigated atmospheric
component, we note that the deviation from the law (growth curve), which
describes the relationship between abundance and line depth generated by it,
is obtained only for abundance values much greater than 1000 ppm for the
H2O band and than 2000 ppm for the CO band at 2100-2180 cm−1, while it
is negligible at all in the case of the CO band at 4200-4245 cm−1 (Fig. 4.15).
Since, customarily the values conceivably assumed by the abundances of these
two studied elements do not exceed the limits in which the relative band has
a signi�cant saturation, we can consider all the data obtained from the �t
procedure not in�uenced by this e�ect.

4.4 Evaluation of Uncertainties

There are many sources of uncertainties in the procedure described above.
First of all, in the synthetic spectra calculation the main error source is the
broadening line factor in a CO2 dominated atmosphere. Although it is an im-
portant parameter, there is little experimental information about its correct
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Figure 4.14: Normalized synthetic spectra with 1000 ppm of H2O (top), CO (bot-

tom), in the spectral ranges 3780-3950 cm−1 , 4200-4245 cm−1 (left) and 2100-2180

cm−1 (right), respectively. The crosses indicate the choice of the three deeper ab-

sorption lines in the spectral ranges of interest.

value in the considered spectral ranges. The error coming from this factor was
evaluated changing its value between 1.3 [76] and 1.7 [87]. In this way we
obtained a variation in the retrieved abundance values of about 15% for the
H2O and of about 10% for the CO. Another source of error has to be found
in the used climatic model: the uncertainty derived from the MCD pressure
is less than 2%, and the one derived from the MCD temperature is about
5%. For the water vapour analysis, the uncertainty coming from the MCD
temperature a�ects the saturation pro�le producing an error of about 5% in
its abundance. In order to estimate the uncertainty derived if we will want
to neglect the aerosols e�ect, we have generated a synthetic spectra set, using
di�erent dust and ice opacities. The range of variability for the dust optical
depth (at 1075 cm−1) was chosen between 0.05 and 0.4, which represents the
Martian mean conditions out of the global dust storm [186, 190]. Processing
each spectrum of this set with the analysis procedure used for actual Martian
data, we obtained an error (standard deviation of retrieved results) of 7% and
of 9% in the retrieved concentration for the water vapour and for the carbon
monoxide, respectively. For the variability of the water ice content in the Mar-
tian atmosphere, we considered an optical depth range between 0.05 and 0.12
at 825 cm−1 [186]. The ice particle content in the atmosphere results to be to-
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Figure 4.15: Trends of the percentage relative depth for the three most intense

lines of the H2O (top) and CO (bottom) bands, respectively, in the spectral range

3780-3950 cm−1, 4200-4245 cm−1 (Left), 2100-2180 cm−1 (Right), as a function of

the mixing ratio. Saturation occurs when the deviation from linearity in the graph

with logarithmic scales becomes important.

tally negligible for the two absorption bands considered in our study. Another
important contribution to the error evaluation derives from the continuum def-
inition: a little variation in its de�nition and the presence of the instrumental
noise can result in errors up to about 5% and 15% in the H2O and CO concen-
tration, respectively. In addition, only for the CO concentration retrieval, we
have to consider the uncertainty due to the �a posteriori correction� for the 2
µm modulation 4.2.6: the error (standard deviation) is evaluated to be about
5%. Finally, there is also an intrinsic error in the �t cycle. Since the syn-
thetic spectra are calculated with a minimum step of 5% (Section 4.2.5) in the
mixing ratio, this value also represents the accuracy of the best �t procedure.
Moreover, the �t quality given by the χ2 value provides an estimation of the
error on concentration of the considered atmospheric component. Therefore,
we can conclude that the broadening line factor and the continuum de�nition
(only for the CO retrieval) represent the main sources of error in the whole
procedure. Considering all the contributions, the total error (square sum) for
each retrieved concentration value is estimated to be about 19% for the water
vapour and about 22% for the carbon monoxide.
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Chapter 5

Atmospheric H2O and CO
variability Mapping

In this chapter we will investigate the seasonal and geographical distribution of
water vapor and carbon monoxide, as well as their connections, in the Martian
atmosphere [183] using the data analysis method described in Chapter 4. The
lack of many simultaneous measurements of these two gaseous species makes
their comparison a topic of great interest for the understanding of photochem-
ical and dynamical processes involved in the Mars planetary atmosphere.

5.1 Dataset

5.1.1 Observations

The PFS/SW dataset used in this work covers more than two and a half
Martian years from Ls = 62° of MY 27 (orbit 634) to Ls = 203° of MY 29
(orbit 6537). For the creation of a single mean spectrum several measurements
have to be averaged. This purpose is achieved by averaging spectra in two
di�erent ways, making two kinds of datasets. The �rst, called in this work
�orbital dataset�, is obtained by choosing the ideal number of measurements
to average in order to represent the best compromise between the increase of
the signal to noise ratio and the maintenance of a good spatial resolution: for
the H2O analysis 15 individual measurements have been averaged, whereas for
the CO, the relative band being much weaker (see Chapter 4), it was necessary
to average 50 single measurements. For a single orbit, the �rst mean spectrum
was built by averaging 15 (or 50) individual measurements between the index1

1 and 15 (or 1 and 50); the following mean spectra were built by averaging
the same number of measurements, but increasing the starting index by 10
respect to the previous average: i.e., 1-15, 11-25, 21-35, . . . , (for the H2O),
or 1-50, 11-60, 21-70, . . . , (for the CO) and so on. In this way 42935 mean
spectra have been generated for the water vapour analysis and 36174 mean
spectra for the carbon monoxide analysis. The second kind of dataset, called
in this work �bin dataset�, is obtained by averaging spectra in square bins

1The PFS acquisitions of one orbit are counted by an increasing index.
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of 5° Solar Longitude (Ls) x 5° Latitude for seasonal behaviour studies and
in square bins of 10° Longitude x 10° Latitude for geographic distribution
studies. The Latitude vs Longitude bin averages are calculated separately for
each of the four seasons: northern Spring (Ls=0-90°), Summer (Ls=90-180°),
Fall (Ls=180-270°) and Winter (Ls=305-360°). Since the aim of our work is the
study of the average behaviour of H2O and CO, data from Ls=270° to Ls=305°
were excluded, because they are a�ected by the global-encircling dust storm
occurred during the MY 28. In this way we have 2592 mean spectra for the
Latitude vs Ls studies and 648 mean spectra for each season of the Latitude vs
Longitude studies. Obviously, the number of averaged spectra in a single bin
is not constant and varies from a minimum of 1 to a maximum of 1277 with a
mean value of about 213 for the seasonal study bin dataset (Figure 5.1) and of
208 (Spring), 256 (Summer), 74 (Fall) and 159 (Winter) for the geographical
study dataset (Figure 5.2). It is necessary to make two di�erent kinds of

Figure 5.1: Data coverage for the 5° Ls vs 5° Latitude dataset. Data a�ected by

the global-encircling dust storm of MY 28 (Ls=270°-305°) were excluded. The mean

number of averaged spectra in a single bin is 213. White bins indicate no data.

dataset to optimize the S/N ratio according to the study aim. The best S/N
ratio is obtained in the bin dataset, but this averaging method causes the
loss of important information linked to the mean spectrum, such as temporal
or orbital information. Therefore, the bin dataset is used when we have to
investigate only the seasonal and geographical mean trends of the gaseous
concentrations, while the orbital dataset, keeping the orbital information, allow
us to investigate variations on relatively small scales, although with a poorer
S/N ratio.

5.1.2 Data Selection

When the averaged measured spectrum radiance level is too low, resulting in a
very low signal to noise ratio, or when particular albedo features do not allow a
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Figure 5.2: Data coverage for the 10° Longitude vs 10° Latitude dataset for the four
seasons: northern Spring (Ls=0-90°), Summer (Ls=90-180°), Fall (Ls=180-270°) and

Winter (Ls=305°-360°). Data a�ected by the global-encircling dust storm of MY 28

(Ls=270°-305°) were excluded. The mean number of averaged spectra in a single bin

is 208 for Ls=0°-90°, 256 for Ls=90°-180°, 74 for Ls=180°-270° and 159 for Ls=270°-

360°. White bins indicate no data.

correct continuum de�nition, it is not possible to obtain a good �t. Therefore,
results obtained with a poor �t quality will be excluded a posteriori using
a selection method that takes into account the χ2 value. The χ2 histogram
distribution reveals a peak in correspondence of a value of 1.5 for the H2O
retrieval and of 2.5 for the CO retrieval, but with a less broad distribution for
the last one. The χ2 threshold (50 and 25 for the H2O and the CO band �t,
respectively) was chosen in order to strike a balance between the maintenance
of a relevant data coverage and a su�ciently good �t quality (Figure 5.3). In
this way we discarded about 25% of the water vapour data and about 20% of
the carbon monoxide data, mostly relating to the night (winter) polar regions,
which have a very low signal to noise ratio.

5.2 Water Vapour: Seasonal and Geographical

Behaviour

The water vapour behaviour we retrieve reproduces the well known seasonal
water cycle in the Mars atmosphere.

In order to come out H2O results more comparable with other datasets,
we converted them in pr.µm, taking into account the saturation and pressure
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Figure 5.3: Spectral �t examples of the water vapour (left) and carbon monoxide

(right) absorption bands for averaged spectra (normalized to their continuum) having

a minimum χ2 of 50 and 25, respectively, which represent the limit values of the

selection criterion.

pro�les. Moreover, since the real vertical distribution of water vapour is still
unknown, we applied the topographic correction usually used on the H2O re-
trieved values to rule out the topographic e�ect on the absorption band depth:
this e�ect must be taken into account because the vertical distribution of the
water vapour on the Mars atmosphere is non-uniform [202]. Therefore, this
topographic correction is obtained normalizing each column density value to
the mean super�cial pressure value of 6.1 mbar, i.e., each column density value
is multiplied by a 6.1/ps factor, where ps [mbar] is the super�cial pressure cor-
responding to the considered spectrum. This normalization, which seems to
give reasonable results, should remove the �rst-order in�uence of topography
on the retrieved abundances of water vapour.

The retrieved H2O abundances as a function of Solar Longitude (Ls) and
latitude, as observed by PFS/SWC, from orbit 634 to orbit 6537, allow us to
study its seasonal cycle. The map obtained, using spectra averaged in 5° Ls x
5° Latitude bins, is shown in Figure 5.4.

The mean abundance for the whole dataset results to be about 9.6 pr.µm
with a maximum of 59.0 pr.µm in correspondence of the summer northern po-
lar cap (Ls=105°-125°, Latitude=70°-80°N). The standard deviation over the
mean value is about 9.0 pr.µm. Since the error in estimating the mean water
vapour abundance is about 1.8 pr.µm (�9.0 pr.µm), the large value of the stan-
dard deviation indicates the very large spread in the water vapour abundance
values and therefore its variability in the Marian atmosphere. The map shows
the expected water vapour cycle in the Mars atmosphere. The atmospheric
content of the water vapour before Ls=70° begins to increase at middle-high
latitudes, between 40°N and 70°N, because of the start of the northern polar
cap sublimation; then the latitudinal distribution is characterized by a gra-
dient between Ls=80° and about Ls=140° (northern summer). During the
period Ls=130°-150° the amount of water vapour at high northern latitudes
begins to decrease rapidly. At the same time, a region with relatively high
H2O abundance (about 15.9 pr.µm) develops at about 45°N. It moves with
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Figure 5.4: Map of retrieved abundance of water vapor as a function of Solar Lon-

gitude (Ls) and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537,

obtained using spectra averaged in 5° Ls x 5° Latitude bins.

season toward the equator reaching it at about Ls=190° and then it continues
to move toward south having a mean value of about 9.5 pr.µm from Ls=190°
to Ls=270° (northern fall). During the northern winter (southern summer) for
Ls=305°-340° we can see the increase of the H2O amount due to the sublima-
tion of the south polar cap (70°-90° S), with a maximum value of about 22.8
pr.µm. Finally, from Ls=340° the water vapour moves toward north joining at
Ls=360° with the already discussed spring season, starting from Ls=0°.

In order to study the water vapour distribution in the Martian atmosphere,
we used the averaged spectra in square bins of 10° Longitude x 10° Lati-
tude for each season. The results obtained for Ls=0°-90° (northern Spring),
Ls=90°-180° (northern Summer), Ls=180°-270° (northern Fall) and Ls=305°-
360° (northern Winter) are shown in Figure 5.5.

We note a peculiarity in almost all the seasons (Spring, Fall and Winter):
an increase of the water vapour abundance over two particular regions, Arabia
Terra (30°E, 0°N) and Tharsis (100°W, 0°N). Both these maxima have been
also observed by many instruments and two explanations have been given for
them: interaction soil-atmosphere [185] and atmospheric circulation in�uence
with the presence of stationary waves causing a water vapour build-up over
certain regions [86].

It is now interesting to comment on the maximum in the water vapour
abundance during the north summer (Figure 5.5). Clearly, the biggest H2O
densities are at latitudes between 60°N and 85°N, centred around 75°N. There-
fore, the centre of the water distribution is localized out of the permanent polar
cap border, which spreads to a latitude of about 80°N, whereas the seasonal
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Figure 5.5: Map of retrieved abundance of water vapour as a function of Longi-

tude and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537, obtained

using averaged spectra in square bins of 10° Longitude x 10° Latitude for each sea-

son: Ls=0°-90° (northern Spring), Ls=90°-180° (northern Summer), Ls=180°-270°

(northern Fall) and Ls=305°-360° (northern Winter).

polar cap is already completely withdrawn at Ls=90°.

5.2.1 Comparison with the MCD Model

The MCD (Mars Climate Database) [80], developed by the LMD (Paris),
AOPP (Oxford), Department of Physics and Astronomy (The Open Univer-
sity) and IAA (Granada), with the support of the European Space Agency
(ESA) and the French National Center of Space Studies (CNES), is a database
of atmospheric statistics compiled by numerical simulations of the Global Cir-
culation Model (GCM) for the Martian atmosphere. The database extends up
to approximately 250 km in altitude and provides, in addition to temperature,
pressure, wind and radiative �uxes values, also data on the atmospheric com-
position, which include content of dust, water vapor and water ice. A linear
time interpolation of the data is used to reconstruct the variables under certain
speci�ed conditions, such as the day-time and the solar longitude. Moreover,
various types of vertical coordinates can be speci�ed as input.

In order to make a comparison between the H2O concentrations values ex-
tracted by the model and results obtained from our analysis of experimental
data, we used as input for the MCD all the geometry information (latitude,
longitude, solar longitude, altitude and local time) of our measurements. Both
measured and the data by the model were averaged in bins of 5° in latitude,
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either on the whole Martian year (Ls = 0°-360°) and for four di�erent peri-
ods: Ls = 330°-60°, Ls = 60°-150°, Ls = 150°-240° and Ls = 240°-330°. The
comparison of the data so treated is shown in Figure 5.6.

Figure 5.6: Latitudinal trends of the atmospheric water vapor concentration on data

averaged into 5° bins in latitude both for all the Martian year (Ls = 0°-360°, top)

and for four di�erent periods: Ls = 330°-60°, Ls = 60°-150° (center), Ls = 150°-240°

and Ls = 240°-330° (bottom). Black dots represent the measured data, while red

dots represent data extracted from the MCD model.

The latitudinal trend is not always coincident, in fact we have a correspon-
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dence only in the panel representing the annual average and for the one showing
the period Ls = 330°-60° (northern winter-spring), while other periods seem
to have not any correspondence. Furthermore, it is important to stress that
in all the studied cases, the MCD model provides values greater than about
150-200 ppm with respect to measured data. The reason for this overestima-
tion lies in the fact that thte MCD determination of the atmospheric water
vapor abundance has been calibrated with the original TES database, which
should be corrected, as already noted by Fouchet et al. [86] and Tschimmel et
al. [204].

Using data extracted from the MCD model, it is also possible to study the
relation between the abundance of atmospheric water vapor and the surface
pressure. The Figure 5.7 shows the mixing ratio trends as a function of sur-
face pressure averaged in bins of 0.05 mbar for both the normalized (to 6.1
mbar pressure) measured data and those extracted from the MCD model. The

Figure 5.7: Normalized (to 6.1 mbar pressure)concentrations retrieved from mea-

sured data (in black) and extracted from the MCD model (in red) as a function of

surface pressure for the whole Martian year. The measurements, selected in latitude

between 30° S and 30° N, were averaged in pressure bins of 0.05 mbar.

expected anticorrelation in the measured data is perfectly reproduced by the
model2, which uses the MCD database (version 4.2), in contrast to what has
been obtained by Fouchet et al. [86] using the previous version of the model
itself. In fact, version 4.2 of MCD, used for this work, in addition to taking
account of dynamic and saturation processes, which may lead to a H2O mixing
ratio or saturation height dependence by the surface properties (such as the
previous version), also includes processes that may involve a subsurface source.

2We have to note that, despite the H2O concentration trend as a function of surface
pressure retrieved from the measured data is in agreement withe the one extracted from the
MCD model, there is a model overestimation of about 150-200 ppm (as already discussed
above).
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5.3 Carbon Monoxide: Seasonal and Geograph-

ical Behaviour

Since the carbon monoxide is assumed to be uniformly distributed in the Mars
atmosphere, so being independent on the topography [190], we do not need to
apply the topographic correction to its concentration values.

The retrieved concentration of carbon monoxide as a function of Solar
Longitude (Ls) and latitude, as observed by PFS/SWC, from orbit 634 to
orbit 6537, allows us to study its seasonal cycle. The map obtained, using
spectra averaged in 5° Ls x 5° Latitude bins, is shown in Figure 5.8.

Figure 5.8: Map of retrieved concentration of carbon monoxide as a function of Solar

Longitude (Ls) and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537,

obtained using spectra averaged in 5° Ls x 5° Latitude bins.

The mean concentration for the whole dataset results to be 990 ppm with
a maximum of 3217 ppm. The standard deviation over the mean value is
about 580 ppm. Since the error in estimating the mean carbon monoxide
concentration is about 220 ppm (� 580 ppm), the big value of the standard
deviation indicates, also in this case, the large spread (even if less strong than
for the H2O) in the carbon monoxide concentration values and therefore its
variability in the Marian atmosphere. The retrieved CO mixing ratio is noisy
because of the weakness of the CO absorption band and the relatively weak
dependence of the absorption on CO mixing ratio. For the same reason we
have sometimes a bad data coverage, due to the impossibility of having a
good �t quality. Despite that, from the map we can see a general seasonal
behaviour. Before Ls=70° there is a CO concentration of about 900 ppm
with a de�nite increase in the middle latitudes of the southern hemisphere
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and over the north polar cap. From Ls=70° to Ls=100° the CO mixing ratio
decreases over the north polar cap (less than 600 ppm) and its maximum
value moves southward. The minimum mean quantity of revealed CO (about
400 ppm or less) is measured between Ls=100° and Ls=130° over the north
polar cap (Latitude=75°-90° N). In this period it is evident that there is a
CO concentration gradient that extends from lower values in the north to
higher values (about 980 ppm) in the south. From Ls=130° to Ls=190° we can
observe a new CO maximum zone in the middle-high latitude (50°-90° N): here
the mixing ratio values are around 1120 ppm. In the period Ls=250°-270° the
south polar cap sublimation causes a CO and non-condensable gases depletion
(down to values less than 400 ppm), in an analogous way to what happens in
the summer north pole. Finally, from Ls=305° the CO maximum zone moves
toward the equator and at the same time a high CO concentration is evident
in the northern hemisphere.

In order to study the carbon monoxide distribution in the Martian at-
mosphere, we used the averaged spectra in square bin of 10° Longitude x 10°
Latitude for each season. The results obtained for Ls=0°-90° (Spring), Ls=90°-
180° (Summer), Ls=180°-270° (Fall) and Ls=305°-360° (Winter) are shown in
Figure 5.9. The CO geographical variability is characterized by a quite uni-

Figure 5.9: Map of retrieved concentration of carbon monoxide as a function of

Longitude and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537, ob-

tained using averaged spectra in square bins of 10° Longitude x 10° Latitude for each

season: Ls=0°-90° (northern Spring), Ls=90°-180° (northern Summer), Ls=180°-270°

(northern Fall) and Ls=305-360° (northern Winter).

form longitudinal distribution, even if it is clear an asymmetry between the
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two hemispheres: during northern spring and summer the carbon monoxide is
mainly distributed in the southern hemisphere, while during the northern fall
and winter it is has an higher mean concentration in the northern hemisphere.
Moreover, no important features seem to indicate an increase over particular
geographical regions.

5.4 Comparing H2O and CO results

In order to �nd correlations/anticorrelations in the latitudinal distribution
between water vapour and carbon monoxide, we compared the orbital lat-
itudinal trend for a few orbits of each season. For this purpose we used
the �orbital dataset� and we expressed both gaseous concentrations in mix-
ing ratios. The orbits selected as examples of the general seasonal latitudinal
trend are: 3218 (Ls=78.4°) and 3234 (Ls=80.3°) for northern Spring, 1012
(Ls=109.2°) and 1219 (Ls=136.5°) for northern Summer, 1545 (Ls=184.9°) and
4456 (Ls=263.7°) for northern Fall, and 4777 (Ls=318.2°) and 4803 (Ls=322.3°)
for northern Winter. The latitudinal trend of H2O and CO concentrations for
these orbits is shown in Figure 5.10. Choosing individual orbits instead of
mean orbital pro�les for this kind of study is useful to demonstrate that we
are able to maintain a good temporal and spatial resolution in retrieving the
gaseous concentrations. The single orbit trends are representative of their own
seasonal trends and this is clear comparing them with the averaged ones: in
Figure 5.11 we show, as examples, the mean latitudinal trends retrieved be-
tween Ls = 90° and Ls = 120° (early northern summer) and between Ls = 240°
and Ls = 270° (late northern fall).

Figure 5.11: Examples of mean latitudinal trends retrieved between Ls = 90° and

Ls = 120° (early northern summer) (left) and between Ls = 240° and Ls = 270° (late

northern fall) (right).

We can start from the �rst two orbits, 3218 and 3234, examples of the
late Spring latitudinal trend. We see the H2O enhancement over the northern
polar cap region due to the seasonal polar cap sublimation and a corresponding
relatively weak depletion of CO in the same region. We �nd an opposite
behaviour in the southern hemisphere, where the coming of the southern polar
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Figure 5.10: Latitudinal trend of the H2O (black) and CO (red) abundances for two

orbits of each season: Spring (Orbits 3218, 3234), Summer (Orbits 1012, 1219), Fall

(Orbits 1545, 4442) and Winter (Orbits 4777, 4803).

cap condensation causes an enhancement, as we have already said, of non-
condensable gases, including CO, and an H2O values of less than 100 ppm in
the same region with its maximum centred around 75° N, in agreement with
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our data obtained analyzing the �bin dataset� (Section 5.2).
Following the annual evolution we have the Summer season. For this period

we have selected the orbits 1012 and 1219. During the Summer, the latitudinal
trend already noticed in the Spring becomes now stronger, as an e�ect of the
more intense north polar cap sublimation and south polar cap condensation
processes. For Ls=109.2° (orbit 1012), over the northern polar cap, we �nd a
water vapour maximum of about 600 ppm and lower values of CO mixing ratio
(about 550 ppm), while, in the southern hemisphere around 20° S, the CO en-
hancement and the H2O depletion do not seem to be very di�erent than during
the Spring season. For Ls=136.5° (orbit 1219) the latitudinal trend becomes
weaker again because the water vapour amount begins to move southward,
even if the sublimation/condensation processes remain quite evident.

During the Fall season, orbit 1545 shows a relative �attening of the latitu-
dinal distribution of the two gaseous species, even though we can note a weak
increase of the CO mixing ratio toward the north pole and of the H2O toward
the south pole. This trend becomes clearer in the latitudinal distribution of
water vapour and carbon monoxide during the late Fall (orbit 4442) and the
Winter (orbits 4777 and 4803), when the sublimation of the southern polar
cap causes an increase of water vapour (maximum of about 700 ppm at 83°
S), while the CO concentration grows northward.

Therefore, from latitudinal orbital study it is possible to con�rm the H2O
and CO seasonal behaviour already shown in the Sections 5.2 and 5.3: their
tendency is generally anticorrelated.

5.5 Correlations between Gaseous Concentrations

and Surface Pressure

In order to investigate the correlation between the atmospheric water vapor
and carbon monoxide concentrations and the surface pressure, which is closely
related to the topography of the planet, we selected all data, from the �orbital
dataset�, at latitudes between 30° S and 30° N, so as to avoid relevant seasonal
e�ects and, in particular, the particular abundances typical of the northern
summer at high latitudes.

We averaged data for all the seasons (annual behaviour) and for two di�er-
ent seasons, one around the northern spring equinox (Ls = 330°-60°), and the
other around the northern summer-early fall (Ls = 90°-200°), respectively.

5.5.1 Water Vapor

The Figure 5.12 shows the trends of absolute and normalized (to a pressure of
6.1 mbar) mixing ratio as a function of surface pressure, averaged in bins of
0.05 mbar pressure. This �gure shows that, as expected for a generally well
mixed distribution of water wapor in the atmosphere, the absolute abundance
is positively correlated with pressure. We may note that the absolute concen-
tration of water vapor increases more slowly than expected in the case of a
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Figure 5.12: Absolute (black) and normalized to 6.1 mbar pressure (red) H2O con-

centratons as a function of the surface pressure averaged for the whole Matian year

(upper panel), for Ls = 330°-60° (center panel) and for Ls = 90°-200° (lower panel).

Measurements, selected at latitudes between 30° S and 30° N, are averaged in bins

of 0.05 mbar pressure. Le lines represents the linear �t (H2O = a + b · ps) of data.

linear pressure dependence, so that the normalized concentration results to be
anticorrelated with the pressure itself. Table 5.1 shows the parameters of the
linear �t performed on the statistical sample examined.
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Selected Data a b

Ls = 0°-360°: absolute concentrations 134.59 6.37
Ls = 330°-60°: absolute concentrations 144.25 2.05
Ls = 90°-200°: absolute concentrations 146.92 7.55
Ls = 0°-360°: normalized concentrations 434.67 -41.85
Ls = 330°-60°: normalized concentrations 373.59 -32.79
Ls = 90°-200°: normalized concentrations 463.06 -39.24

Table 5.1: Correlation between the atmospheric water vapor and the surface pres-

sure. The a and b parameters represent the linear best �t (H2O = a + b · ps) of
data.

These results indicate that the water is not completely well mixed in the
atmosphere and the normalization to a pressure of 6.1 mbar overcompensates
the topographic e�ects. The values of the parameter b in the linear best �t
(H2O = a + b · ps) of data indicate a situation in which the water vapor
is only partially mixed in the atmosphere and in which a substantial part of
it is con�ned in a near-surface layer. This behavior is not consistent with a
H2O distribution pro�le de�ned by a uniform mixing and a saturation level
independent by the surface pressure: this situation should lead to a decrease
of the mixing ratio with the decrease of the average surface pressure, i.e. to
a positive correlation between the normalized water vapor concentration and
the surface pressure itself.

Unfortunately, direct measurements of the vertical distribution of atmo-
spheric water vapor are very limited. Since we have not data by adequate
instrumentation aboard the descending probes on Mars, the only investigation
methods are: occultations or limb measurements and absorption measurements
with multiple paths in a given atmospheric column [86]. From the solar occul-
tation measurements obtained by Phobos 2/Auguste for Ls = 2°-18°, Rodin
et al. [175] observed an approximately uniform mixing ratio around about
10-25 km, and a sharp decrease above. Davies key-83[61] used observations at
multiple angles of the Viking 1 lander with the Viking 1/MAWD instruments
to deduce a H2O uniform distribution below 10 km above the lander site and
at Ls = 102°. By a similar technique, but looking at the Sun from the Martian
surface, Titov et al. [202] found, on the contrary, that the water vapor is con-
�ned in the �rst 1-3 km for Ls = 150°. The altitude variations of the residence
condensation level of water vapor with the seasons were fully established by
Clancy et al. [50] using the millimeter spectroscopy. They found that the
water vapor is con�ned at altitudes lower than 10 km near the aphelion (Ls
= 71°), but invades the entire atmosphere up to 50-70 km near the perihelion
(Ls = 251°). Additional observations of Encrenaz et al. [63, 64], Gurwell et
al. [99] and Biver et al. [39] support this scenario, as well as numerical sim-
ulations by Richardson and Wilson [173], and Montmessin et al. [151]. Titov
[203], reviewing all these observations, concluded that the seasonal variation
of the layer in which the water vapor is well mixed is from about 5 km for
Ls = 90°-150° to about 20-25 km for Ls = 330°-30°. Moreover, Fedorova et
al. [77] reported H2O results from SPICAM measurements by 24 MEX or-
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bits acquired in solar occultation during MY28 at Ls 130°�160°, and in the
latitude range of 40°�55° N. They detected an higher and strongly decreasing
concentration of water vapor from about 15 Km (∼ 115 ppm) to 30 Km (∼ 10
ppm) in the atmosphere, whereas above 30 Km it is almost stable around 10-15
ppm. Recently, also Maltagliati et al. [138] retrieved the vertical distribution
of water vapor using SPICAM data and they found evidence of the frequent
presence of water vapor in excess of saturation, by an amount far surpassing
that encountered in Earth's atmosphere.

The results obtained in this work for the correlation between the water va-
por concentrations and the surface pressure are in agreement both with those
obtained by Fouchet et al. [86] and with those by Smith [185] with TES data.
He suggested that linearly rescaling the atmospheric water vapor abundance
to the surface pressure results in a overcompensation for the topography ef-
fects. He also found that the anti-correlation between the abundance and the
normalized surface pressure is stronger in the northern hemisphere than in the
south, i.e on annual averages, the water vapor is more mixed in the south than
the north.

In addition, the anti-correlation observed between the normalized abun-
dances and the surface pressure is indicative of the fact that a small amount
of �background� water (130-140 ppm, as indicated by the coe�cient a in Table
5.1) may be present regardless of the altitude (except on the tops of volcanoes),
presumably due to soil-atmosphere exchanges.

5.5.2 Carbon Monoxide

The Figure 5.13 shows the trends of absolute and normalized (to a pressure
of 6.1 mbar) mixing ratio as a function of surface pressure, averaged in bins
of 0.05 mbar pressure. While Table 5.2 shows the parameters of the linear
�t performed on the statistical sample examined. From the �gure 5.13 and

Selected Data a b

Ls = 0°-360°: absolute concentrations 1345.12 -28.59
Ls = 330°-60°: absolute concentrations 2397.69 -62.60
Ls = 90°-200°: absolute concentrations 1134.72 -8.04
Ls = 0°-360°: normalized concentrations 2199.06 -164.55
Ls = 330°-60°: normalized concentrations 3814.60 -292.33
Ls = 90°-200°: normalized concentrations 1903.76 -131.46

Table 5.2: Correlation between the atmospheric carbon monoxide and the surface

pressure. The a and b parameters represent the linear best �t (CO = a + b · ps)
of data, in which we excluded the low pressures, indicating large elevations such as

volcanoes.

Table 5.2 we can immediately notice that a slight anticorrelation of absolute
concentrations with pressure seems to exist, which becomes more noticeable
when we refer to the normalized concentrations. This is perfectly consistent
with what we concluded in Section 5.5.1, which shows that water vapor tends

122



Figure 5.13: Absolute (black) and normalized to 6.1 mbar pressure (red) CO con-

centrations as a function of the surface pressure averaged for the whole Martian year

(upper panel), for Ls = 330°-60° (center panel) and for Ls = 90°-200° (lower panel).

Measurements, selected at latitudes between 30° S and 30° N, are averaged in bins of

0.05 mbar pressure. Le lines represents the linear �t (H2O = a + b · ps) of data, in
which we excluded the low pressures, indicating large elevations such as volcanoes.

to partially con�ned in the atmospheric surface layer. Taking into account
that the statistical analysis of the CO concentration dependence from the
surface pressure was only carried out in the equatorial zone (for the reasons
mentioned above), we can note that the greater anticorrelation occurs just
when in this geographical region a greater amount of H2O is present. Indeed,
for Ls = 330°-60° the water vapor is transported by atmospheric dynamics
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(Section 5.2), while when the water vapor is concentrated at high latitudes
due to the sublimation of the north polar cap (Ls = 90°-200°), we observe the
slightest anticorrelation. Then, when the pressure is high, the column of the
atmosphere on which is integrated the CO abundance extends up to the regions
in which the amount of H2O becomes important, thus producing the relative
disappearance of the carbon monoxide in that region and leaving it almost
unaltered in the rest of the atmospheric column. In fact, without factors such
as the presence of water vapor, it is expected that CO is uniformly distributed
in the atmosphere up to at least about 40 km. This is due to the fact that
the vertical mixing time of the CO is H2/K ≈ 2 weeks, where H is the scale
height and K ≈ 106 cm2s−1 [125] is the turbulent di�usion coe�cient.

Unfortunately, direct measurements on the vertical distribution of atmo-
spheric carbon monoxide are very limited. The observations made by Phobos
orbiter using the low-resolution spectroscopy of the CO band at 2.35 µm [176]
showed a decrease in the carbon monoxide abundance by a factor of 5-8 over
the great volcanoes, but this result is completely inconsistent with the pho-
tochemical predictions [124]. Whereas, Krasnopolsky [122] did not reveal any
signi�cant variation in the CO mixing ratio with the altitude in the range
from -6 to 3 km using data acquired by the IRTF/CSHELL telescope. The
analysis performed in this work is in good agreement with the results obtained
by Krasnopolsky [122], in fact we can see in Figure 5.14, that there is no sig-
ni�cant variation in the CO abundance with altitude until at least 5 km in
height, while there is a signi�cant increase which reaches its maximum for an
altitude of about 6.75 km before returning to fall for higher altitudes. The not

Figure 5.14: Distribution of absolute (left) and normalized (to the pressure of 6.1

mbar) (right) CO concentrations in the atmosphere of Mars as a function of the

altimetry. The measurement, selected in latitude between 30° S and 30° N, are

averaged in bins of 500 m in height.

expected trend by Rosenqvist et al. [176] has been justi�ed by Hunten [111],
who states that small changes in the continuum de�nition of the CO band
could remove the mixing ratio variations in the Phobos observations.
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5.6 Discussion

The seasonal cycle of water vapour obtained from this analysis was observed
also by other instruments, as MAWD [113, 122], TES [186], SPICAM [76],
and CRISM [190], and by PFS/LWC [86] and PFS/SWC [204]. Tschimmel
et al. [204] studied the water vapour distribution during the period between
Ls=331° of MY 26 and Ls=196° of MY 27, analyzing its 2.6 µm absorption
band. Despite their dataset does not overlap in time with ours, it is possible to
compare the mean H2O behaviour. They observed the maximum value of water
vapour abundance of about 60 pr.µm over the sublimating northern polar cap
and the typical seasonal cycle, just in agreement with our results. Also their
geographical distribution shows the water vapour behaviour we observed, but
the local maxima over Arabia Terra and Tharsis are about one and a half time
higher than in our maps, while the maxima values, centred around the latitude
of 75°N, over the northern polar cap during its summer are in good agreement
with our measurements. Since results by Tschimmel et al. [204] are referred
to a period in which the sublimation of the northern polar cap dominates,
their average column density of 16.2 pr.µm is higher than our mean value (9.6
pr.µm).

Unfortunately, at the time of this writing only CRISM data can be com-
pared with our data because these are the only data corresponding in time
(MY 28-29) to our observations. CRISM measures a water vapour maximum
during the northern hemisphere summer at high latitude. Its value is about
50 pr.µm and it is in agreement with our maximum value of 59 pr.µm. The
location of the centre of the water vapour distribution out of the permanent
polar cap border during the northern summer (Section 5.2) is explained by
Montmessin et al. [151] suggestion: the water vapour produced by the sea-
sonal polar cap sublimation is partly carried by the circulation toward the pole
and redeposited on the permanent polar cap, whereas the remaining H2O is
carried by the atmospheric dynamics toward the equatorial regions, where it
forms the �Equatorial Cloud Belt�. After that, in the centre of the summer
(about Ls=110°), even the ice created by the H2O redeposited in the perma-
nent polar cap sublimates, producing the peak that we observe in the maps.

In the southern summer, instead, CRISM data show a reduced water vapour
abundance if compared to observations from previous years. These low values
are due to the fact that Smith et al. [190] studied only the MY 28 south-
ern summer: in this year, between Ls=270° and Ls=305° there was a planet-
encircling dust storm, which is known to produce signi�cant changes of the
atmospheric state [185] and of the surface albedo [186], resulting in the absence
of the southern summer maximum. A similar e�ect was already noticed by
TES data during the MY 25 dust storm [185] and by Viking Orbiter MAWD
during the MY 12 dust storm [75]. The normal water vapour trend in the
southern hemisphere summer was shown for MY 24-25-26 by TES [185] and
for MY 27 by Mars Express SPICAM [76] and OMEGA [137]. Our data, out
of the global dust storm, show between Ls=305° and Ls=340° a maximum
value of 22.8 pr.µm over the south polar cap: this lower value compared to
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the northern summer one is explained by the shorter summer in the southern
hemisphere, so the water vapour sublimation is hindered by the presence of
a layer of CO2 ice for most of the cap. Moreover, also the apparent partial
H2O geographical con�nement in the northern hemisphere, probably due to
the global circulation, could have a role in this evidence.

The CO seasonal trend as retrieved by our PFS data shows the same lat-
itudinal gradient in the northern hemisphere summer observed by Smith et
al. [190] with CRISM and Krasnopolsky [122] with the IRTF/CSHELL spec-
trograph. At Ls=112° Krasnopolsky measured a CO gradient increasing from
north of 23° N latitude (about 830 ppm) to south (about 1250 ppm at 45°S lati-
tude), while Smith et al. [190] revealed a CO mixing ratio gradient from about
450 ppm poleward of 30°N to 700 ppm at 30°S. Our measurement provides for
the same period a gradient varying from about 270 ppm in the 75°-90° N lati-
tude to about 1250 ppm in the 30°-45° S latitude. This hemispheric asymmetry
is due to the condensation of the CO2 gas in the south polar cap, which would
lead to an enhancement in non-condensable gases, such as carbon monoxide,
in the southern polar atmosphere. At the same time, the sublimation of the
northern polar cap leads to a non-condensable gas depletion causing the strong
reduction of the CO mixing ratio. In the same way, but in the opposite hemi-
sphere, during the northern winter we see an enhancement in the CO mixing
ratio, while over the south pole we observe a CO depletion due to the ice subli-
mation. This CO behaviour during the northern winter has also been observed
by Billebaud et al. [38], but they show results for only 90 PFS/MEX orbits, be-
tween Ls=331.17° and Ls=51.61°, measuring 1110 ppm for the CO mixing ratio
averaged over their entire data sample. This mean value is slightly higher than
the values determined in our and previous works, probably because it refers
to a limited dataset. Comparing their CO mixing ratio trends as a function
of latitude for three Ls ranges (Ls=331°-360°, Ls=0°-30° and Ls=30°-52°) with
our mean latitudinal trends for the same periods, we �nd an agreement for
the �rst two trends, although with a 40% higher mean concentration in our
data, but an opposite behaviour for the range Ls=30°-60°. In this period we
measure a gradual decrease of the CO concentration between 40°S and 0° in
latitude and a quite constant value of about 1000 ppm going northward up to
80°N, while Billebaud et al. [38] reveal a gradual increase up to 0° and a quite
constant concentration value around 1000 ppm in the northern hemisphere.
These di�erences could be due to the di�erent dataset analyzed and so to the
interannual variations in the Mars atmosphere. Billebaud et al. [38] studied
also the trends of the CO mixing ratio as a function of geographical longitude
for three latitudinal ranges (90°S-30°S, 30°S-30°N and 30°N-90°N). Comparing
these results with our mean trends, we �nd a very good agreement both in
the trends themselves and in the mean concentrations values. Moreover, we
observe in the exact same positions the local CO maxima (around 125°W, 50°E
and 150°E), probably due to planetary waves.

The LMD/GMC model expects that the mixing ratio of non-condensable
gases over Hellas basin should reach two times higher values than the mean
ones during the summer and a minimum concentration during the winter [68].
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This e�ect should be due to the isolation of this zone with respect to lo-
cal vortex. This CO enhancement over Hellas basin has been con�rmed by
OMEGA/MEX data [68] and CRISM/MRO [190], but not by the ground-
based IRTF/CSHELL data analyzed by Krasnopolsky [122, 124], which do
not show signi�cant variations between the atmosphere in and out the basin.
So our observations of the Hellas basin agree with Krasnopolsky's. Moreover,
Krasnopolsky [122] revealed an asymmetry between the northern and southern
hemisphere, measuring a CO increasing up to 50% from 23°N (830 ppm) to
50°S (1240 ppm). This e�ect is interpreted as a consequence of the CO2 con-
densation during the polar winter, which leads to an atmospheric enhancement
of non-condensable gases. This enhancement e�ect has also been observed by
the Mars Odyssey GRS instrument through the study of argon distribution in
the Mars atmosphere [195, 197]. We measure a depletion of about 70% over
the summer northern polar cap, while over the summer southern polar cap we
�nd a depletion of about 50% with respect to the planetary mean value. The
di�erent weight of the depletion should be due to the di�erent duration of the
summer season in the two hemispheres (178 days in the north and 154 days in
the south).

The models [79, 81, 156, 130] also con�rmed that the CO2 condensation on
the winter polar cap causes an increase of the non-condensable gases mixing
ratio, and in a similar way, the sublimation from the summer polar cap pro-
duces a depletion of non-condensable gases. But, the NASA GCM (General
Circulation Model) [156] seems to underestimate the strength and the duration
of the depletion, while the LMD model [81, 130] seems to underestimate only
the duration of the depletion, when these previsions are compared with our
data and with CRISM data.

Finally, comparing H2O and CO results we can conclude that these two
gaseous species are generally anticorrelated. The main cause of this anticorre-
lation is the following: the water vapour being a condensable species and the
carbon monoxide a non-condensable one, they are strongly in�uenced in an
opposite way by the processes of condensation and sublimation in the polar
caps.
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Chapter 6

Planetary Waves and Dynamics by
H2O and CO Retrievals

The study of the geographic distribution of water vapor and carbon monoxide
in the atmosphere of Mars using PFS data (Chapter 5 and [183]) has revealed
a periodic longitudinal localization of minor gaseous species (Fig. 5.5 and 5.9).

In this chapter we will examine this periodic phenomenon and we will
look for correlations between the longitudinal distributions of retrieved con-
centrations of the studied minor species from quasi-nadir measurements and
the dynamic processes of the atmosphere, which depend on the altitude they
occur.

6.1 Dataset

The PFS/SWC dataset used for this work covers about three Martian years,
from Ls = 62° of MY 27 (orbit 634) to Ls = 340° of MY 29 (orbit 7327).

The dataset was obtained by averaging dayside spectra, acquired in quasi-
nadir geometries, in square bins of 10° in longitude x 10° in latitude. The
three Martian years (MY 27-28-29) were divided in order to be independent
of particular bias due to the orbit of MEX, and every Martian year has been
divided, in turn, in twelve seasonal ranges of 30° of solar longitude. Latitude
vs longitude averages were calculated separately for each of the twelve seasonal
ranges of each Martian year, giving particular attention to the local time of
acquisitions. Indeed, since the wave phenomena in the Martian atmosphere
can be strongly a�ected by the thermal conditions, we decided to average only
spectra having a maximum local time span of ± 1.5 hours around its average
value for each latitudinal strip. In this way we have a total of 7798 mean
spectra and the number of averaged spectra in each bin ranges from 1 to 414.
The data coverage of the planet is shown in Figure 6.1.

To retrieve the water vapor and carbon monoxide concentrations we ap-
plied the analysis algorithm described in Chapter 5, using, as input, the vertical
pro�les of temperature and pressure extracted by the MCD model, �rst, and
then the ones retrieved following the approach by Grassi et al.[96], which here
we call �BDM�. The latter provides atmospheric vertical pro�les as measured
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Figure 6.1: Data coverage of the planet in percentage for the three Martian years

(27, 28 and 29).

by the LWC of PFS. Since the limit of reliability of the BDM pro�les is an
altitude of about 45 Km above the surface [96] and there the pressure is almost
negligible for our purpose, we decided to cut the vertical pro�les at this value.
Moreover, we considered the actual dust and water ice opacity (extracted by
the MCD model or retrieved by PFS/LWC measurements) in the computa-
tion of synthetic spectra. We decided to retrieve the water vapor and carbon
monoxide concentration two times, according to the two di�erent approaches
(i.e. using the MCD or the BDM input), for the same mean spectrum be-
cause we want to exclude or stress possible dynamical e�ects of the Martian
atmosphere which are not included in the MCD model.

The analysis method, naturally determines a criterion to select good data.
As we have already done in Chapter 5, we decided to discard the results ob-
tained by a best �t having a χ2 higher than 50 and 25 for the H2O and the CO
band, respectively. In this way we discarded about 3% of the water vapour
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data, with a maximum of about 27% in the seasonal bin between Ls 270° and
300° of the MY 28 because of the global-encircling dust storm 5, and about 33%
of the carbon monoxide data, with a maximum of about 70% in the seasonal
bin between Ls 120° and 150° of the MY 29.

6.2 Observation of Wave Phenomena

In order to study wave phenomena in a quasi-stationary form, we divided
the planet into 18 latitudinal strips of equal size (10°). For each strip of
each sub-seasonal range we consider, we averaged the relative concentration
results, keeping a longitudinal width of about 20°, and again excluding the
values corresponding to a mean local time higher (or lower) than + (or −) 1.5
respect to the mean local time of the entire strip. In this way, each latitudinal
strip contains only values retrieved for a stable thermal condition. Then we
excluded the latitudinal strips having an insu�cient number of retrieved values
to de�ne a clear trend. We chose a threshold of 5 values for each latitudinal
strip and in this way we obtained 113 and 130 latitudinal strips, for H2O and
CO, respectively, on which we can search for wave trends.

We recognize a wave pattern in a latitudinal strip when the concentrations
values oscillate along longitudes around a mean value. So we applied to each
strip a (least squares) best �t procedure using a sinusoidal curve: if the related
χ2 variable is inside the 60% con�dence interval and the percentage amplitude
of the sine curve is more than 30% therefore the wave trend is observed. In our
criterion we chose a threshold of 30% for the percentage amplitude of the sine
curve �tting the longitudinal trend of H2O and CO concentrations because
it is quite higher than the uncertainties (around 20%) of the retrieved values
(Section 4.4). A typical example for the water vapor and carbon monoxide
is shown in Fig. 6.2. The �gure represents two very di�erent atmospheric
conditions: the near-equatorial region (10°-30° N) during northern spring (Ls
= 0°-30°) and the near-polar region (50°-70° S) during southern spring (Ls =
180°-210°) of the Martian Year 29. The di�erence between the two cases is
clear: during the �rst period, both the water vapor and the carbon monoxide
show a double peak around a longitude of 120°W and 50°E, even if the (order
2) wave trend is more marked and less broad for the H2O than for the CO. In
the second period, the water vapor seems to have an order 1 wave trend with
a single minimum around 20°W and a single maximum around 180°E. The
carbon monoxide has a di�erent behaviour: it shows an order 3 wave trend
with a double peak around 100°W and 0°E and another minor peak around
100°E. Moreover, the di�erences between the values retrieved using the two
di�erent approaches for the atmospheric modelling (MCD and BDM) are on
average less than 5%.

6.2.1 Comparison with Vertical Thermal Pro�les

In order to correlate the trends observed in the longitudinal distributions of
minor species with atmospheric dynamics phenomena, we studied the tem-
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Figure 6.2: Typical examples of wave longitudinal trends of water vapor (left) and

carbon monoxide (right) concentrations. The top panel refers to the near-equatorial

region (10°-30° N) during northern spring (Ls = 0°-30°), whereas the bottom panels

refers to the near-polar region (50°-70° S) during southern spring (Ls = 180°-210°) of

the Martian Year 29. The black values are obtained using the vertical atmospheric

pro�les retrieved by PFS/LWC, whereas the red values are retrieved using the MCD

ones. The blue line represents the sinusoidal best �t having the amplitude and the

reduced χ2 indicated in the panel.

perature pro�les, retrieved both by PFS measurements and MCD, and then
averaged exactly as the relative spectra. Figure 6.3 shows examples of the ver-
tical temperature cross-sections as retrieved by the BDM method: they refer
to the two case examined in Figure 6.2. As we can clearly notice, the bottom
of the vertical temperature maps represents the mean topography of Mars in
the considered regions.

During northern spring (Ls = 0°-30°) over the near-equatorial region (10°-
30° N) temperatures do not have strong changes along longitudes and they
range between about 227 K near the surface and 134 K at 48 Km. We �nd a
di�erent condition during southern spring (Ls = 180°-210°) over the near-polar
region (50°-70° S), where temperatures strongly change along longitudes and
in di�erent way at di�erent altitudes, having a maximum of about 223 K near
the surface at 150°-160° W and a minimum of about 140 K at high altitude
above the region located at 120°-130° E. Moreover, we can recognize the border
of the Hellas basin between 70° E and 80° E.
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Figure 6.3: Typical examples of vertical temperature cross-sections: on the top

panel for the near-equatorial region (10°-30° N) during northern spring (Ls = 0°-30°)

and on the bottom panel for the near-polar region (50°-70° S) during southern spring

(Ls = 180°-210°) of the Martian Year 29, as retrieved using the PFS/LWC spectra

and the approach by Grassi et al. [96].

Since we want to compare the longitudinal trends of temperatures and
gaseous concentrations, we divided the atmosphere above the region of interest
in bins of 10 Km in altitude. In this way we obtained 6 temperature trends
for both the cases previously taken as examples (Figure 6.4).

As we have already noticed showing the temperature cross-sections, for
the �rst case we considered (Ls = 0°-30°, 10°-30° N), the longitudinal thermal
trend is almost �at above 10 Km, while temperatures clearly reproduce the
Martian topography, and the water vapor trend (Fig. 6.2), for 0-10 Km: in
fact, at this altitude bin, temperatures have maxima around 120°W and 50°E.
This correlation between the water vapor distribution, temperature trends
and topography suggests an interaction soil-lower atmosphere. The carbon
monoxide has the same two maxima in its longitudinal distribution, but with
an overall �atter trend than the water vapor one. Furthermore, the MCD
temperatures are in very good agreement with the measured (BDM) ones: the
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Figure 6.4: Typical examples of longitudinal trends of temperatures (BDM on the

left and MCD on the right) at di�erent altitudes (bins of 10 Km). The top panels

refer to the near-equatorial region (10°-30° N) during northern spring (Ls = 0°-30°),

whereas the bottom panels refer to the near-polar region (50°-70° S) during southern

spring (Ls = 180°-210°) of the Martian Year 29.

di�erences between them are less than about 2.5% for all the altitudes.

The second case we considered (Ls = 180°-210°, 50°-70° S) represents a
much more di�erent condition (Fig. 6.4): the latitudinal thermal trend shows
an order one wave having its maximum around 180° E and its minimum around
0° E, for the near-surface atmosphere. Then, going upward, the temperatures
show a decrease in the wave amplitude, up to about 25 Km, where the trend is
almost �at. Coming on upward in the atmosphere, the wave amplitude grows
again, but in phase opposition with the wave trend in the lower atmosphere.
At an altitude of 40-50 Km, the temperature has its maximum around 0° E
and its minimum around 180° E. The maximum amplitude (about 20 K) of the
thermal wave trend is reached for both the lower (0-10 Km) and higher (40-
50 Km) atmosphere. In this case, we do not recognize any direct correlation
with the topography, therefore the wave pattern genesis should be related to
dynamical e�ect of the Martian atmosphere above the southern near-polar
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region during the fall season. Although the temperatures extracted by the
MCD model and the measured ones (BDM) have a good agreement in their
longitudinal trends, they show di�erences of about 5% in the lower atmosphere
and of about 9% at the higher altitudes.

Comparing the gaseous concentrations trends with the thermal ones in
these conditions (Ls = 180°-210°, 50°-70° S), we can identify a clear correlation
between the water vapor trend with the lower atmosphere dynamics: both H2O
concentrations and temperatures show a minimum around 0° E for altitudes
of 0-10 Km, while they are almost perfectly anti-correlated at altitudes of 40-
50 Km. Regarding the carbon monoxide distribution, we observe a general
opposite behaviour: it shows a triple peak trend, with a small peak-to-peak
distance, and a clear minimum around 180° E. This longitudinal distribution
recall the thermal trend at high altitudes (40-50 Km) and it is in almost
completely anti-correlation with the near-surface atmosphere.

6.2.1.1 Observation of the Polar Warming

Strong meridional winds above 50 km lead to a horizontal convergence of mass
and downward motion above the northern polar region, resulting in adiabatic
warming down to about 30 km. This warming is expected to be most pro-
nounced during perihelion conditions, when maximum solar insolation and
strong dust heating prevail, but we can observe it since the early northern fall.
As example, Figure 6.5 shows the thermal cross-section of the Martian atmo-
sphere near the polar region (50°-70° N) during the seasonal bin Ls=180°-210°
of the MY 27 and the relative longitudinal trends at di�erent altitudes. First
of all, we can notice that the MCD model does not foresee the presence of a
strong polar warming in these conditions, whereas the PFS/LWC temperature
retrievals (BDM) can observe it. The polar warming is represented by an in-
crease of temperatures at high altitudes, which reach its maximum around 42
Km and at a longitude of 10°-20° E. At this longitude and altitude the tem-
perature is about 185 K, against the temperature of about 175 K of the near
surface atmosphere. Also in this case, the temperatures show an order 1 wave
trend, having an opposite phase between the lower and the higher atmosphere.

We can study the e�ect of the polar warming on the gaseous distributions
by comparing the longitudinal trends of temperatures with the gas ones. In
Figure 6.6 are shown the water vapor and carbon monoxide longitudinal trends
for the case we have already discussed, in which we can observe a clear polar
warming. Both gaseous species show an order 1 wave trend, even if it is
clearer for water vapor than for carbon monoxide. The H2O concentration has
a maximum (50 ppm) around 100° W and a minimum (20 ppm) around 20°
E. This trend is in phase with temperature trend at lower altitudes, whereas
the CO concentration has a weakly clear wave trend with a maximum (2200
ppm) around 20° E and a minimum (about 1000 ppm) around 180° E, just in
phase with the temperatures at high altitudes. Finally, the conditions observed
during the polar warming re�ect the typical case of the near-polar region during
southern spring that we discussed above.
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Figure 6.5: Thermal cross-section (top) and longitudinal trends of temperatures

(bottom) at di�erent altitudes (bins of 10 Km) for the near polar region (50°-70 N)

during the early northern fall (Ls=180°-210°) of the MY 27, as retrieved by PFS/LWC

(left) and extracted by MCD (right). The polar warming is visible down to about

35 km.

Figure 6.6: Longitudinal trends of water vapor (left) and carbon monoxide (right)

concentrations for the near polar region (50°-70° N) during the early northern fall

(Ls=180°-210°) of the MY 27.

6.2.2 Statistics on Wave Distributions of H2O and CO

We studied the trend of the gaseous abundances as a function of longitude
for 20° latitude strips and for 30° solar longitude intervals. We obtained 113
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and 130 latitudinal strips, for H2O and CO, respectively, having a su�cient
number of points to de�ne a longitudinal trend, but only 31 of them (in both
cases) show a clear wave pattern, according to the criterion described in Section
6.2. The di�erent signi�cance of the two polulations (latitudinal strips with
or without wave patterns) was evaluated using the Student's T-statistic. The
T-statistic for two sample populations x and y, having average values x and y
is de�ned as

T =
x− y√∑N

i=1(xi−x)
2+
∑M
j=1(yj−y)

2

(N+M−2)

(
1
N

+ 1
M

) (6.1)

where N and M are the numbers of the elements of the x and y populations,
respectively. In our case each population is composed by the mean relative
di�erences between all the two adjacent points of each latitudinal strip. In
a clear wave trend the di�erence between two adjacent points is relatively
small, whereas we observe an opposite behaviour when the longitudinal trend
is pattern free. The water vapor T-statistic gives a value of 2.477 with a
signi�cance value of 0.015, whereas the carbon monoxide T-statistics gives a
value of 1.202 with a signi�cance value of 0.232. These results indicate that the
wave trends in the water vapor distribution are extremely evident since there
is not correlation between the two population (very little signi�cance value of
the T-statistic), whereas we �nd a less strong, even if important, evidence in
the wave trends of carbon monoxide distribution. In other words, the water
vapor is more sensitive to planetary waves with respect to carbon monoxide
since they occur with greater force in the H2O distributions.

Figure 6.7 shows the histogram distribution of the latitudinal frequency
of wave phenomena observed in the longitudinal trends of the water vapor
and carbon monoxide concentrations. The H2O statistics suggest that wave

Figure 6.7: Latitudinal frequency of the wave phenomenon observed in the longi-

tudinal trends of the water vapor (left) and carbon monoxide (right) concentrations

for the whole dataset.

distributions can be observed mostly (30-40%) in the near equatorial regions
(30°S-30°N), whereas the measurements acquired on the equatorial and near
equatorial regions are interested by wave trends only for about the 20% of the
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total cases. The CO statistics suggest a general �at latitudinal distribution of
the wave occurrences, which represents about the 30% of the observed cases
between 70°S-10°N, a minimum of 20% between 10°-30°N and a maximum of
about 35% between 50°-70°N.

To study the order of the observed wave phenomena we decided to divide
the histrogram distributions of their latitudinal frequency in order 1 (s=1) and
order 2 (s=2) occurrences (Figure 6.8). Since the order 3 occurrences are rare
and the third peak is usually less strong than the others, we considered them
as order 2 occurrences in this statistical study. The water vapor distributions

Figure 6.8: Latitudinal frequency of the wave phenomenon observed in the longi-

tudinal trends of the water vapor (left) and carbon monoxide (right) concentrations

for the whole dataset. We divided the order of the wave trend: in black the order 1

and in red the order 2.

suggest that the equatorial region (30°S-30°N) is almost equally dominated by
order 1 and order 2 with a little predominance of the latter (about the 20%
of cases), but in the latitudinal strip between 10° and 30° N the order 2 shows
the maximum number of cases (25%). The north polar region is dominated by
order 1 regions and the south polar region is dominated by order 2 wave. The
carbon monoxide distributions have a di�erent behavior: only the equatorial
and near equatorial regions (30°S-30°N) show order 2 wave phenomena, with
the maximum number of cases (25%) in the latitudinal strip between 30°S and
10°S, while moving towards poles we �nd only order 1 wave trends (for about
30% of cases).

Statistics on gaseous wave trends was performed also to investigate the
seasonal dependence of the phenomenon. Figure 6.9 represents the seasonal
frequency of the wave occurrences for the longitudinal distributions of water
vapor and carbon monoxide in the whole dataset. The wave trends occur
mostly (about the 55%) before the aphelion (Ls=30°-60°) for both gasses. H2O
has large number of occurrences (about 50%) also during the early northern
fall (Ls=180°-210°), whereas the CO distributions show many wave patterns
(60%) during Ls = 270°-300°.

Also for the study of the seasonal frequency of the wave phenomena we di-
vided the histogram distributions into order 1 and order 2 occurrences (Figure
6.10). The water vapor histograms shows that order 1 and order 2 are almost
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Figure 6.9: Seasonal frequency of the wave phenomenon observed in the longitudinal

trends of the water vapor (left) and carbon monoxide (right) concentrations for the

whole dataset.

Figure 6.10: Seasonal frequency of the wave phenomenon observed in the longitudi-

nal trends of the water vapor (left) and carbon monoxide (right) concentrations for

the whole dataset. We divided the order of the wave trend: in black the order 1 and

in red the order 2.

equally dominant along all the year, but we can clearly identify an order 2
predominance during the early northern fall (Ls = 180°-210°), whereas for the
carbon monoxide the order 1 is mostly dominant along all the year and order
2 is important (about 28% of cases) only between Ls = 0° and Ls = 30°.

6.3 Discussion

We observed mainly two types of wave phenomena in the atmosphere of Mars:
the �rst in the equatorial areas during the spring and the second in the polar
regions during the respective fall. The comparison between gaseous distri-
butions with the thermal pro�les has provided clear indications both on the
causes of the phenomenon and on the strati�cation of gasses in di�erent layers
of the atmosphere.
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6.3.1 Equatorial and Near-Equatorial Regions

The wave trends observed in the H2O and CO longitudinal distributions on
the equatorial regions have not relations with the temperatures at middle-high
altitudes. Indeed, water vapor concentrations have a strong correlation with
the temperatures of the near-surface atmosphere: this correlation suggests a
direct relationship with the topography of Mars in those regions. Moreover,
the enhancement of H2O abundance over these two particular regions, Arabia
Terra (30°E, 0°N) and Tharsis (100°W, 0°N) was observed by many intruments.

We have to notice that around the equatorial area (10°S-40°N) there is
roughly 50% more water vapor than out of it (Chapter 5 and [183]). The
annually averaged water vapor abundance is high in this latitude band because
water vapor is maintained at these latitudes by the global circulation [185].
This peculiarity allows us to perform a better characterization of this region.

In the two areas where we observe the maxima of the water vapor content,
there is a strong positive correlation with albedo, which was noticed by Smith
et al. [185] from TES visible bolometric observations, Jakosky and Farmer
[113] using MAWD results and by Rosenqvist et al. [176] using results from
the ISM instrument on the Phobos spacecraft. Moreover, at these latitudes
the water vapor is also anti-correlated with the surface pressure [184] and with
the thermal inertia [146]. Albedo, thermal inertia, and surface pressure (to-
pography) have direct relations to the average and diurnal variation of surface
and subsurface temperatures, the pore space size and grain size of the regolith,
and to the circulation patterns of the atmosphere [185]. These can in turn in-
�uence the transport of water vapor and its adsorption and desorption into
the regolith. On the contrary, coming toward the poles, the correlation be-
tween water vapor and surface albedo, pressure and thermal inertia abruptly
vanishes. Fouchet et al. [86] suggest that the observed spatial variations can
be explained by the modulation (stationary wave) of the atmospheric �ow in-
duced by the surface properties (topography and/or albedo of the surface) and
a convergence of air in the near regions.

Moreover, we computed the saturation altitude above the surface of the
water vapor by using the Marti and Mauersberger formula [140] and the
PFS/LWC temperature pro�les for each seasonal period we considered. Figure
6.11 shows the saturation altitude for Ls=0°-30° of the MY 29. If we compare
the saturation map with the water vapor trend shown in Figure 6.2 for the
same period, we observe a clear anticorrelation between the H2O concentra-
tion and the saturation altitude for the latitudinal strip 10°-30° N. Therefore,
the water vapor is not equally distribuited along the vertical direction of the
atmosphere and, at a certain latitude, clouds of ice particles can be generated
at di�erent altitudes for di�erent longitudes.

All these clues and the strong positive correlation between the longitudinal
distribution of water vapor and the topography suggest that the H2O is gener-
ally located in the boundary layer (near-surface atmosphere), as also suggested
by Tschimmel et al. [204]. However, in accordance with Fouchet et al. [86] an
intermediate way between con�nement and uniform mixing seems reasonable,
and the importance of a gas exchange between the atmosphere and the surface
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Figure 6.11: Geographical map of the H2O saturation altitude above the surface for

Ls=0°-30° of the MY 29.

is emphasized.
Regarding the carbon monoxide behavior, we can conclude that it is gen-

erally well mixed in the atmosphere of Mars, as we expected since it is a non
condensable gas and its longitudinal trend is almost �at as the corresponding
temperatures at middle-high altitudes. Indeed, we observe a very weak corre-
lation with the topography, and this is probably due to the presence of water
ice clouds at low altitudes at those longitudes. These clouds can �hide� the at-
mosphere under them because of their opacity in the analyzed spectral range,
and therefore they can a�ect the retrieved gaseous concentrations, which are
integrated on the entire vertical column.

6.3.2 Near-Polar Regions

The general circulation of Mars is characterized by strong eastward winds in
the fall-winter hemisphere. The interaction of this �ow with zonally varying
topography excites quasi-stationary waves, which take the form of planetary
waves for forcing at the largest horizontal scales [105]. The stationary waves
can in�uence the stability of the atmosphere, enhancing the formation of dis-
turbances at certain longitudes and impeding their formation at others [28].
Our results suggest that these e�ects can a�ect the distribution of minor gasses,
especially in the near polar regions.

Our thermal cross sections are in agreement with results by Ban�eld et al.
[28], who have characterized the global structure of stationary waves and their
seasonal evolution through analysis of nadir observations by the MGS Thermal
Emission Spectrometer (TES). They isolated the diurnal Kelvin wave, with
results roughly consistent with models. The s = 1 and s = 2 stationary waves
were found to have signi�cant amplitude coming toward the winter polar jets.
Moreover, they found that s = 1 stationary wave has a little phase tilt with
height during northern winter (at 60° N), but a signi�cant westward phase tilt
with height in the southern winter (at 60° S), over 4 scale heights. We observe
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the same tilt (Figure 6.4) on the southern near polar atmosphere (50°-70° S),
where the maximum temperature is around 180° E near the surface and around
0° E at an altitude of about 45 Km (∼ 4 scale heights). Barnes et al. [32] note
that the s = 1 stationary wave poleward they found is the dominant component
of eddy poleward heat transport in the south, but not in the north (where
transient waves dominate their eddy poleward heat transport). Moreover,
Ban�eld et al. [28] suggest that the most signi�cant contributor to meridional
heat �ux from the stationary waves is the s = 1 stationary wave during southern
winter, with heat �uxes reaching as large as ∼ 40 K m/s in the southern winter
polar vortex, while those in the northern winter polar vortex are no larger than
∼ 12 K m/s. They found that for Ls=195°�225°, the s = 1 stationary wave
carries heat equatorward in the southern hemisphere on the poleward edge
of the polar jet, with an amplitude almost as large as the maximum �uxes
in the north, ∼ 5 K m/s; whereas, generally the contributions of the s = 2
stationary waves to meridional heat �ux are relatively small respect to the s
= 1 stationary waves[28].

The relationships between temperatures and gaseous concentrations sug-
gest that in these conditions water vapor is con�ned near the surface, while
the carbon monoxide is located mainly in the middle-high atmosphere. This
scenario is compatible with the beginning of the H2O sublimation from the
southern polar cap, and the transport of the CO toward the equator, since it
is a non condensable gas.

Regarding the gaseous distributions during all the year (Fig. 6.10), both
water vapor and carbon monoxide show a decreasing number of order 2 trends
from Ls=0° to Ls=90° and an increasing number of order 1 trends for Ls=0°-
60°. Then, from Ls=120° to Ls=240° the order 1 wave trend increases, becom-
ing predominant. These results are in agreement with the seasonal variation
of zonal mean temperature as a function of longitude observed by Ban�eld et
al. [28].
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Chapter 7

Development of a Code for Minor
Species Retrieval by Limb Data

In Chapter 6 we showed how we can indirectly draw indications about the verti-
cal distribution of gaseous species in the Martian atmosphere using nadir (and
quasi-nadir) measurements acquired by PFS. We tried to relate the tempera-
ture pro�les, which are the best tracers of dynamical processes occurring in the
atmosphere, to the spatial distribution of water vapor and carbon monoxide.
We retrieved the gaseous concentrations (integrated along the line of sight from
the surface to the detector) using the stable algorithm described in Chapter 4.

Although many PFS limb measurements are currently available and several
radiative transfer codes able to simulate limb observations were developed, or
are currently under development, unfortunately, there is not, at present, a
stable algorithm for the retrieval of minor species concentrations by analyzing
PFS spectra acquired in limb geometries. Therefore, the aim of this Chapter is
to describe the development of an algorithm for the retrieval of minor species
concentrations by limb measurements. This work is currently in progress.

7.1 The importance of the Multiple Scattering

The reason for the lack of a stable method for the retrieval of minor species
concentrations by limb infrared measurements lies in the di�culty to model
the radiative transfer of photons in the atmosphere taking into account the
multiple scattering by molecules (Rayleigh) or by particles (Mie).

Stamnes et al. [199] developed a stable algorithm taking into account the
multiple scattering in radiative transfer problems using the plane-parallel ap-
proximation: they called it DISORT (Discrete Ordinates Radiative Transfer
Program for a Multi-Layered Plane-Parallel Medium) [200]. The the numeri-
cal implementation of this method was written in FORTRAN. It considers a
scattering, absorbing, and emitting atmosphere in local thermodynamic equi-
librium and provides general discrete ordinates as well as speci�c two-stream
solutions to the radiative transfer equation pertaining to inhomogeneous, non-
isothermal, plane parallel media. These computer codes can be used to com-
pute �uxes and mean intensities as well as the complete azimuthal dependence
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of the intensity at arbitrary (user speci�ed) polar and azimuthal angles and
atmospheric optical depths [198]. However, this method has some limitations:
one of them is that its solutions only apply to plane parallel atmospheres,
thus there are a number of interesting twilight phenomena that cannot be
adequately modelled unless spherical geometry is adopted. In particular, the
plane parallel approximation does not allow the modelling of limb observa-
tions, whereas it is very suitable for nadir (or quasi-nadir) measurements.
The Ignatiev et al. [112] approach we used for the retrieval of minor species
concentrations (Chapter 4) by nadir measurements is based on the DISORT
algorithm, and thus on the plane parallel approximation.

A way to simulate limb measurements taking into account the multiple
scattering by atmospheric particles is to use the Monte Carlo approach, which
is totally di�erent from the DISORT one and it easily deals with spherical shells
atmospheres. We decided to use this approach for our study and the following
paragraphs will describe it and its application to the Martian atmosphere.

7.2 The Monte Carlo Radiative Transfer (MCRT)

Technique

The Monte Carlo Radiative Transfer (MCRT) technique �mimics� reality by
tracking the passage of individual photons through a density �eld to their
eventual end (either absorption or escape from the medium). Although a
process that originally was regarded as CPU-intensive, systems can now be
envisaged using Monte Carlo Techniques on a desktop CPU within reasonable
accuracy on timescales of a few hours.

7.2.1 Scattering and Phase Functions

When a photon interacts with the medium, it can be scattered or it can be
absorbed. This eventuality occurs depending on the single scattering albedo ω,
which is simply the probability that a photon is scattered (and not absorbed):

ω =
ns · σs

ns · σs + na · σa
(7.1)

where n is the number density, and σ is the cross section (subscripts indicate
scatterers and absorbers, respectively).

Scattering is governed by the angular phase function P (cosΘ) of the scat-
tering particle. This is simply the probability that the photon will be scattered
from its initial direction through an angle Θ.

In order to �nd the location of interaction, we need a completely proba-
bilistic formalism for tracking the progress of an individual photon through a
medium. If we want to construct the probability that a photon can traverse a
distance x without interaction, �rst we have to de�ne the mean free path

l =
1

ρ · κ
(7.2)
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which is the mean distance between photon interactions and where ρ and κ
are, respectively, the density and the opacity of the medium. Thus, we can
deduce the probability that a photon interacts within an in�nitesimal length
dx:

dx

dl
= ρ · κ · dx (7.3)

Hence, the probability of no interaction within dx is

1− dx

dl
= 1− ρ · κ · dx (7.4)

If we then de�ne a distance x = N · dx, where N su�ciently large, the proba-
bility of transmission of the photon P (x) along x can be written as

P (x) = 1− ρ · κ · x = e−τ (7.5)

where we have utilised the Taylor expansion for the exponential function, and
substituted the expression for optical depth τ . Therefore, the probablity that
an interaction does occur is the complementary probability

P (τ) = 1− e−τ (7.6)

7.2.2 The Monte Carlo Approach

As we have seen, it is di�cult to know how a single photon will behave in a
medium. Therefore, it is easier to constrain how an ensemble of N photons
behave in terms of their statistical properties: this is ideally suited for Monte
Carlo methods. The basic procedure is based on the following steps:

1. Emit a packet of N photons.

2. Track the progress of each photon, one-by-one, through the medium. The
locations of interaction are found by sampling the optical depth from the
distribution described in equation 7.6. The scattering and absorption
of the photons are determined by sampling from the albedo and phase
function.

3. As photons exit from the medium, capture them on a detector.

7.2.2.1 Sampling Random Variables from a Probability Distribu-
tion

A key feature of MCRT is the sampling of parameters from probability distri-
bution functions (PDFs). There are two main methods of sampling parameters
from probability distribution functions (PDFs):
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The Cumulative Distribution Method The simplest way of sampling
from the cumulative distribution ψ(x0) uses the fundamental principle:∫ x0

a

P (x)dx = ψ(x0) (7.7)

where a here is the lower limit of the distribution function, and x0 is the
parameter we want to obtain. Thus, we need to generate a a random number
ζ, such that

ζ = ψ(x0) (7.8)

and inverting this equation we can determine x0. In the case of optical depth,
equation 7.6 is already a cumulative distribution function (as we have inte-
grated over the distance x), so sampling optical depths from this distribution
uses the equation

τ = −log(1− ζ) (7.9)

The Accept/Reject Method If an analytic solution for x0 is not possible,
then the accept-reject method is an available alternative. If the peak of the
PDF is known, then we can use the following algorithm:

1. Sample x0 from a uniform distribution within the range of the PDF.

2. Sample y from a uniform distribution between zero and the peak value
of the PDF ymax.

3. Calculate y0 = P (x0).

4. If y > y0 , then reject this x0 and return to 1, otherwise, accept this x0.

7.2.2.2 Finding the Scattering Location

Inside each atmospheric cell we consider, the value of the density is constant.
Therefore, the optical depth through the cell is

τcell = ρcell · κ · s (7.10)

where s is the distance travelled inside the cell along the photon's trajectory.
Moreover, the optical depth along a given line of sight τrun is simply the sum
of the optical depths in each cell the photon intersects.

In order to deduce the scattering location, �rstly we have to determine
the scattering optical depth τscatter, using the equation 7.9. The photon is
then allowed to travel along its trajectory: the optical depth from each cell
is calculated and logged, until τrun > τscatter. Once this criterion is satis�ed,
the scattering location is found by travelling a distance ds into the last cell
traversed (Fig. 7.1):

ds =
τscatter − τrun

ρcell · κ
(7.11)

Systems with isotropic scattering are the simplest to model: when a scat-
tering event occurs, the photon's direction must be resampled using the same
prescription as at emission.
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Figure 7.1: Schematic representation of the considered atmospheric cell for the

determination of the scattering location. For simplicity we reported it only on a the

cartesian grid.

7.2.2.3 Errors

MCRT is by de�nition a stochastic process: the used random numbers intro-
duce random sampling errors. Fortunately, these errors are simple to quantify:
the emission (and capture) of photons is essentially a Poisson process, so the
errors obtained must obey Poisson statistics. Therefore, the �nal error σerr is
simply:

σerr(ν) =
E(ν)√
N(ν)

(7.12)

where E(ν) is the energy collected by the detector for a certain frequency ν
and N is the total number of emitted photons. Thus, if we want to achieve a
low error, a large number of photons must be emitted and captured.

7.2.2.4 Computational Constraints

The timescale T for an MCRT code to complete can be simply parametrised:

T ∼ NγNsteps (7.13)

where Nγ is the total number of photons coming from the source and Nstep

describes the (average) number of calculation steps required to simulate a
photon's entire journey in the medium until its eventual exit. The latter can
be estimated as

Nsteps =
dγ

dx
(7.14)

where dγ is the typical path length of a photon, and dx is the resolution of
the grids used. This will be sensitive to the amount of scattering the photon
receives:

dγ = Nscatt · l (7.15)

Where l is the mean free path (eq. 7.2). For a simple sphere, Nscatt can be
approximated. Assuming that the photon is free to scatter in 3 dimensions, and
the sphere has radius R, then the photon must travel approximately

√
Nscatt/3

mean free paths to escape:

R =

√
Nscatt

3
l (7.16)
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thus

dγ ∼
R2

l
(7.17)

and hence

T ∼ Nγ ·
R2

l · dx
∼ Nγ· < τ > · R

dx
(7.18)

where < τ > is the typical optical depth of the system.

7.3 The MCRT on a Planetary Atmosphere

Our �nal purpose is to apply the Monte Carlo Radiative Transfer technique
on a planetary atmosphere. In this section we will describe the algorithm we
developed and its application to the Martian atmosphere to obtain synthetic
spectra in limb geometry. However, we have to stress that this code is suitable
for the application on all the planetary atmospheres, it takes into account the
multiple scattering and it is optimized for the near infrared spectral range.

The code is written in IDL and it is based on the SCATRD_OFOS rou-
tine, which was developed in FORTRAN by Mayorov et al. [143]. The sub-
routine SCATRD-OFOS calculates spectral monochromatic intensity for opti-
cally spherically-symmetric parametrically-de�ned atmosphere. Calculations
are mainly based on the method of statistical Monte-Carlo modeling realized
in the code SCATRD 06.10 [205], and modi�ed for spacecraft applications
(OFOS - observations from orbital spacecraft spectrometer). Unfortunately,
the current version does not implement thermal radiation, non-LTE emission,
refraction and polarization processes. The IDL code computes and gets ready
all input variables as requested by SCATRD_OFOS and it can call this FOR-
TRAN subroutine, providing, as a �nal result, the monochromatic radiance
spectrum in the selected spectral range. Finally, another IDL code computes
the convoluted spectrum for the instrumental function of the instruments of
which we want to simulate measurements.

7.3.1 Input Parameters

7.3.1.1 Geometric Description

Figure 7.2 shows the geometrical description of the input variables, where C
is the center of the planet, D is the point (position) of the detector, I is the
point on the planet surface (intersection line of sight with the planet surface
for planetary surface observations or point under tangent point T for limb
observations), and R is the radius of the planet solid body.

Two ways to describe a geometry of observations are present in the code:

� SCATRD's (internal default) geometrical parameters (red color in Fig.
7.2):

� hd > 0: altitude of observation (detector) above the surface;

� zs ∈ [0, 180°]: solar zenith angle (SZA);
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Figure 7.2: Geometrical description of the input variables of SCATRD_OFOS for

observations pointing the surface (left) and for limb observations (right). The mean-

ing of all the variables is described in the text.

� zv ∈ [0, 90°]: zenith angle for the line of sight;

� ϕv ∈ [0, 180°]: azimuth angle for the line of sight;

� Conventional geometric parameters (green color in Fig. 7.2):

� i ∈ [0, 180°]: incidence angle;

� e ∈ [0, 180°]: emergence angle;

� ϕ ∈ [0, 180°]: phase angle;

� s > 0: distance of the detector;

� ht ≥ 0: tangent altitude1 of the target.

7.3.1.2 Optical Properties of the Atmosphere

For a given model of atmosphere, we have the vertical pro�les of the following
quantities:

� temperature

� pressure

� volume mixing ratios of gaseous species

� number density of the aerosols

and the optical properties of the aerosol particles (size distribution and refrac-
tion index).

The knowledge of these quantities allow us to compute the absorption and
scattering coe�cient for every layer of the considered vertical grid. The com-
putation of the gaseous absorption coe�cients kRabs is performed using the ap-
proach already described in Chapter 4.2.3, using the actual mixing ratio of the

1The tangent altitude is de�ned as the minimum distance between the line of sight and
the planetary surface.
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species. The scattering coe�cients (kRsca = σR · nd) of the gasses are provided
by the Rayleigh theory:

σR =
32π3

3λ4
(m− 1)2

n2
d

fanisotropic (7.19)

where σR is the Rayleigh cross-section, λ is the wavelength of the radiation,m is
the refraction index, nd is the number density and fanisotropic is the anisotropic
factor, de�ned as

fanisotropic =
3 · (2 + ∆)

(6− 7∆)
(7.20)

with ∆ depolarization factor. The values of m = 1 + A(1 + B/λ2) and of ∆
at STP (Standard Temperature and Pressure) conditions for a large number
of molecules can be extracted from tables by Allen (1976) [20]. Taking into
account the actual temperature and pressure conditions, the refraction index
must be rescaled as follow

m = 1 + A(1 +B/λ2) · nd
nSTP

(7.21)

where nSTP is the number density of the considered molecular species at STP
conditions. Thus, the relation 7.19 can be rewritten as

σR =
32π3

3λ4
(m− 1)2

n2
d

fanisotropic ·
n2
d

n2
STP

= σR =
32π3

3λ4
(m− 1)2

n2
STP

fanisotropic (7.22)

The Rayleigh phase function is simply de�ned as

PR(θ) =
3

16π
(1 + cos2 θ) (7.23)

and it is indipendent from the waveleigth. However, it is clear that the con-
tribution by the Rayleigh scattering becomes important for small wavelengths
(large wavenumbers) and a great number of scattering molecules.

The interaction between the radiation and the aerosol particles is modelled
using the approach by Wiscombe [213] for the application of the Mie theory.
This algorithm computes the extinction cross-section σM , the single-scattering
albedo ω0, and all the moments of the scattering phase function gl, for a given
particles size distribution. Therefore, for each wavenumber, we have

kMie
abs = nd · σM · (1− ω0) (7.24)

kMie
sca = nd · σM · ω0 (7.25)

where kMie
abs and kMie

sca are, respectively, the absorption and scattering coe�cients
and nd is the number density of the aerosol particles. We assumes that the
scattering phase function depends only on the angle Θ between the incident
and scattered beams and we express it as the expansion of a series of 2M
Legendre polynomials Pl:

PM(τ, cos Θ) =
2M−1∑
l=0

(2l + 1)gl(τ)Pl(cos Θ) (7.26)
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where τ is the optical depth and, by virtue of the orthogonality of Legendre
polynomials, the expansion coe�cients gl(τ) are given by

gl(τ) =
1

2

∫ +1

−1
Pl(cos Θ)P (τ, cos Θ)d(cos Θ) (7.27)

The coe�cient g0 is equal to 1 because the phase function, being a probability
distribution, is normalized to unity. g1 is called the �asymmetry factor�, and
ranges from 0.7 to 0.9 for aerosols and clouds in the solar spectrum.

Finally, the optical depth τ of an atmospheric layer is

τ =

(
N∑
i=1

(
kRabs,i +KR

sca,i

)
+

L∑
j=1

(
naerod,j · σM,j

))
· h (7.28)

where N and L are, respectively, the number of gaseous and aerosol species in
the layer and h is the thickness of the layer.

7.3.2 Stability of the Algorithm

In order to study the sensitivity of our MCRT code, we considered an ideal
atmosphere observed in nadir geometry and composed by only one layer of
dust particles. We increased progressively its optical depth and we computed
the radiance at the TOA2 for a �xed wavenumber (3775 cm−1), where there
is not any narrow spectral feature. We compared results with the ones ob-
tained performing the same simulation with the DISORT algorithm, which is
widely validated and considered stable [199, 200]. In Figure 7.3 the compari-

Figure 7.3: Radiance at 3775 cm−1 as a function of the optical depth computed

using the DISORT (black) and the MCRT (red) algorithms.

son between the radiance computed with DISORT and the one computed with
MCRT is shown. The DISORT code is stable for an optical depth lower than
about 18 and then it saturates in order to avoid numerical errors and to limit

2TOA: Top Of the Atmosphere.
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the computational time. The MCRT code is in agreement with the DISORT
code up to an optical depth of about 2 and then it becomes unstable.

The MCRT codes are more sensitive to the optical depth than the DISORT
ones, since the Monte Carlo approach is based on the probability of transmis-
sion of the photon through the atmosphere. Indeed, if a photon tries to go
beyond an atmospheric layer having an optical depth higher than 2, then it has
only two possibilities: it can be scattered and, if the geometrical conditions
are appropriate, it can be collected by the detector, or it can be absorbed and
be completely lost. To avoid the loss of photons in the crossing of the atmo-
sphere, and in this way to increase the probability that a photon can reach the
detector, we split each atmospheric layer in several sub-layers, such as each
sub-layer has an optical depth lower than a preselected threshold and the total
optical depth of the original layer is kept. Since increasing the number of layers
in which the atmosphere is modelled causes an increase of the computational
time, we developed this algorithm dynamically: the optical depth of each single
layer is checked for each wavenumber of the monochromatic spectral grid, thus
the total number of atmospheric layers changes for di�erent grid points and
the computational time is optimized. Applying this method to the simulation
we showed before, we obtain the Figure 7.4. The splitting of the layers with a

Figure 7.4: Left: Radiance at 3775 cm−1 as a function of the optical depth computed

using the DISORT (black) and the MCRT (red and blue) algorithms. In the MCRT

code the optical depth control method (see text) was implemented using as thresholds

τ = 5 (red) and τ = 1 (blue). Right: Percentage di�erences between the MCRT and

DISORT codes, using no optical depth threshold (black) and optical depth threshold

of 5 (red) and 1 (blue).

high optical depth causes an improvement of the stability of the code. Using
a τ threshold of 5, the code can be considered stable up to an optical depth
of about 6, whereas using a τ threshold of 1 the code can be considered stable
up to optical depth of about 18, and even much more. The di�erence between
the latter results and the reference values obtained by the DISORT code are
under the 4.5% for τ < 18. Since the DISORT radiance saturates for τ > 18 in
our simulation, it is di�cult to put a limit for the stability of our MCRT code,
but Martian (and most of the planetary) conditions cannot allow to have an
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optical depth higher than about ten for each layer. Therefore, we can consider
the MCRT code we developed stable for the use required by our purposes.

7.3.3 Validation of the Code

The validation of our MCRT code was performed by the comparison between
radiances obtained with it and the ones obtained using two DISORT-based
codes: ARS, which uses the Ignatiev et al. [112] approach in simulating nadir
measurements, and SARTre [147, 148], which is developed for limb applica-
tions. We selected the spectral range between 3500 and 4500 cm−1 because of
the presence of the carbon dioxide, carbon monoxide and water vapor spectral
features, as also of aerosols (dust and water ice) ones.

We considered a typical Martian atmosphere composed by CO2, H2O and
CO, and by dust and water ice aerosol particles. The vertical pro�les of temper-
ature and pressure are shown in Figure 7.5, whereas we used uniform vertical
distribution of gasses and aerosols. CO2, H2O and CO have mixing ratios of

Figure 7.5: Left: Vertical pro�les of temperature (black) and pressure (red). Right:

Vertical pro�les of dust (black) and water ice (red) number densities. These pro�les

represent the typical Martian conditions.

0.9532, 3.0·10−4 and 8.0·10−4, respectively. The dust and ice aerosol particles
have an exponential vertical distribution (Fig. 7.5) and the properties of dust
as a function of wavenumber are those proposed by Kleinböhl et al. [158, 115],
whereas for water ice we used the ones published by Warren and Brandt [207].
The grain size distribution used for the aerosols is that described in the model
by Clancy et al. [54]. These quantities determine the optical depth of the dust
and water ice in the atmosphere, which varies between 0.36 and 0.41, with a
mean value of 0.38, for dust and between 0.031 and 0.15, with a mean value
of 0.09, for water ice (Fig. 7.6). The surface albedo we used is constant in all
the considered spectral range and its value is 0.1.

Regarding the MCRT code, we set the 32000 as the maximum number of
interaction that a photon can have in its path through the atmosphere. This
value is the almost the maximum allowable value for the SCATRD-OFOS rou-
tine and we chose to use it to improve the e�ciency of the simulations, despite
it causes an important increase of the computational time. Moreover, we set

153



Figure 7.6: Total optical depth of dust (black) and water ice (red) between 3500

and 4500 cm−1 for the model of atmosphere that we considered.

the accuracy of the MCRT code to 5% because this is the best compromise
between the computational time and a good result.

7.3.3.1 Nadir Geometry

The ARS code was widely used in this work (Chapter 4) and it is suitable for
the use of the DISORT algorithm in nadir geometries (plane-parallel approxi-
mation).

In Figure 7.7 we report results obtained in computing spectra with the
two approaches (MCRT and DISORT), for clear sky and aerosol conditions, in
nadir geometry and for SZA=0°. It is useful to compare also results in clear sky

Figure 7.7: Spectra computed by the MCRT (red) and DISORT (black) codes for

clear sky (left) and aerosol (right) conditions and for SZA=0°. The upper panels

represent the relative di�erence of the radiances.

conditions, in order to validate the treatment of the pure gaseous absorption,
since in the considered spectral range and for the low Martian pressure the
Rayleigh scattering by molecules can be neglected.
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The right panel of Figure 7.7 demonstrates that the absorption by atmo-
spheric components is well processed and it validates the use of our MCRT
code in clear sky conditions, since the spectra computed with the two codes
are exactly alike each other.

The di�erence between the radiances computed with the two codes for an
atmosphere with aerosol particles has an average of 6.91%, with the minima
around the wings of the strong saturated bands of CO2 (3500-3750 cm

−1) and
little �uctuations having an amplitude of about 3% around the mean value
in the spectral range covering the H2O and CO absorption bands (3750-4500
cm−1). Moreover, the di�erence between the MCRT and the DISORT codes
is negative (-2.5%) only in the bottom of the CO2 saturated bands.

We performed the same simulation (with aerosol particles) also for SZA=30°
and SZA=60° (Fig. 7.8), in order to avoid the pure backscattering case, which
is very sensitive to numerical uncertainties and so it can produce an increase of
errors in radiative transfer codes. As we expect, in these cases, the di�erences

Figure 7.8: Spectra computed by the MCRT (red) and DISORT (black) codes

in aerosol conditions for SZA=30° (left) and SZA=60° (right). The upper panels

represent the relative di�erence of the radiances.

between the MCRT and DISORT codes are less than for SZA=0° and it has
an almost constant mean value along the whole spectral range we considered.
The mean di�erence for SZA=30° is about -1.32%, i.e. on average the MCRT
code has a lower radiance than the DISORT code, whereas the �uctuations
around the mean value have an amplitude of about 4%. The simulation for
SZA=60° shows a mean di�erence of about -0.91%, but the amplitude of the
�uctuations around this value are increasing with the wavenumber: around
the saturated CO2 band (3500-3750 cm−1) it is about of 3%, around the H2O
band (3780-3920 cm−1) it is about of 5% and around the CO band (4200-4300
cm−1) it is about of 12%.

7.3.3.2 The Curti-Godson Approximation

Since we want to use the DISORT-based approach, which is suitable only
for nadir (or pseudo-nadir) simulations, in a limb geometry, we can apply
the Curtis-Godson approximation [60, 95]. This approximation replaces an
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inhomogeneous path with a homogeneous one by using average values for the
various band-model parameters. The Curtis-Godson approximation is very
accurate for paths where the temperature and concentration gradients are not
particularly steep. In formulas we can express it as:

Um,l =

∫ zl,ϕl

zl−1,ϕl−1

Um(z, ϕ) · η (P (z, ϕ), T (z, ϕ)) · ds(z, ϕ) (7.29)

Pm,l =

∫ zl,ϕl
zl−1,ϕl−1

P (z, ϕ) · Um(z, ϕ) · η (P (z, ϕ), T (z, ϕ)) · ds(z, ϕ)∫ zl,ϕl
zl−1,ϕl−1

Um(z, ϕ) · η (P (z, ϕ), T (z, ϕ)) · ds(z, ϕ)
(7.30)

Tm,l =

∫ zl,ϕl
zl−1,ϕl−1

T (z, ϕ) · Um(z, ϕ) · η (P (z, ϕ), T (z, ϕ)) · ds(z, ϕ)∫ zl,ϕl
zl−1,ϕl−1

Um(z, ϕ) · η (P (z, ϕ), T (z, ϕ)) · ds(z, ϕ)
(7.31)

where z is the altitude, zl and zl−1 are the altitudes of the boundaries of the
layer, ϕl and ϕl−1are the angles corresponding to the intersection of the optical
path with the extremes of the layer, Um(z, ϕ) is the Volume Mixing Ratio of
the mth gas, ds is the line of sight dependent on the geometry, P (z, ϕ) and
T (z, ϕ) are the pressure and temperature for the layer, η (P (z, ϕ), T (z, ϕ)) is
the air number density and Um,l, Pm,l and Tm,l are the equivalent corresponding
values for the gas m and the layer l.

Obviously, this approximation can take into account the multiple scattering
only along the line of sight, where the atmosphere is considered locally plane
parallel, whereas the multiple scattered radiation coming from the upper and
lower layers is neglected. Therefore, we can use it only to compare spectra in
single scattering conditions.

Figure 7.10 shows spectra computed with our MCRT and DISORT (ARS)
approaches, applying the Curtis-Godson approximation, in single scattering
conditions. We considered SZA=90°, phase angle of 0°, a tangent altitude of
20 Km and an observer altitude of 79 Km. In Figure 7.9 the equivalent pro�les

Figure 7.9: Left: Curtis-Godson equivalent pro�les of temperature (black) and

pressure (red). Right: Curtis-Godson equivalent pro�les of dust (black) and water

ice (red) number densities. These pro�les represent the typical Martian conditions

in observing the atmosphere in limb geometry (see text for parameters).

of temperature, pressure, dust and water ice are shown. They are computed
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applying the Curtis-Godson formulas to the vertical pro�les shown in Figure
7.5. We divided the line of sight into 80 steps, each identifying an atmospheric
cell.

Figure 7.10: Single scattering spectra computed by the MCRT (red) and ARS

with Curtis-Godson approximation (black) codes for SZA=90°, phase angle of 0°, a

tangent altitude of 20 Km and an observer altitude of 79 Km for SZA=90°, phase

angle of 0°, a tangent altitude of 20 Km and an observer altitude of 79 Km.

The comparison between the two spectra reveals a mean di�erence of -
2.24%, with maxima values (up to about 20%) around the CO2 band and the
water vapor band. The spectral range covered by the carbon monoxide band is
less a�ected by large di�erences and so it shows discrepancies of some percent.
The Curtis-Godson approximation causes an understimation of the absorbed
light by molecules: we can clearly recognize the absorption features of the
water vapor in the percentage di�erence. The reason of these discrepancies
can be the di�culty of modelling a spherical shell atmosphere using vertical
parallel �at layers. Therefore, this approximation results to be not suitable
for retrieving minor species concentrations by simulating limb measurements,
even in single scattering conditions.

7.3.3.3 Limb Geometry

Since we want to compare results by our code and a di�erent one in mod-
elling limb observations and taking into account the multiple scattering, we
need to use a speci�cally designed code. The SARTre code was designed for
monochromatic high resolution RT modeling in the infrared spectral range
and beyond for arbitrary viewing geometries in spherical atmospheres, taking
emission and scattering into account as sources [148]. It is based on DISORT
algorithm and it approximates spherical shell atmospheres [147]. The SARTre
code was applied to the Martian atmosphere by Aoki et al. [22].

In our simulation we considered a limb geometry having a tangent altitude
of 20 Km, an observer altitude of 300 Km above the surface, SZA=0° and
phase angle of 90°. The comparison between our MCRT code and SARTre
both in single scattering approximation and in multiple scattering is shown in
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Figure 7.11: Spectra computed by the MCRT (red) and SARTre (black) codes in

aerosol conditions for SZA=0°, tangent altitude of 20 Km and observer altitude of

300 Km in single scattering approximation (left) and in multiple scattering (right).

The upper panels represent the relative di�erence of the radiances.

Figure 7.11. It is useful to compare also spectra compute in single scattering
approximation to check the geometrical parameters description.

The comparison between our MCRT code and the SARTre one in single
scattering approximation shows a good agreement, with a mean di�erence of
-0.5% and �uctuations around this value of amplitude of about 4% in the range
which covers the bottom of the strong CO2 band and of about 0.5% in the range
covering the H2O and CO absorption bands. Since the di�erences between
the two spectra are always under the 5% (the accuracy of our MCRT code),
and mostly under the 0.5%, this result demonstrates that the geometrical
parameters are described in the correct way.

The comparison between the two codes taking into account the multiple
scattering shows a mean di�erence of -2.23% with �uctuations around this
value of amplitude up to 15% in the strong CO2 band and about 7% in the
H2O and CO spectral range.

7.4 Retrieval of Water Vapor by Limb PFS mea-

surements

The �nal aim of our work is the development of an algorithm able to retrieve the
vertical distribution of minor species in the Martian atmosphere by spacecraft
limb measurements. In Chapter 4 we described the algorithm we developed
to retrieve the integrated concentrations of water vapor and carbon monoxide
by nadir measurements. We applied our MCRT code to that algorithm only
by replacing the Ignatiev et al. approach [112] with ours in the synthetic
spectrum computation. However, since at the moment our MCRT code does
not take into account the thermal radiation, the algorithm can be used only in
the solar region of the spectrum, where the thermal emission is almost totally
negligible. Moreover, we cannot take into account the Field Of View (FOV)
of the instrument, therefore we can compute the radiation only along the line
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of sight. Despite all these limits, we are able to perform a qualitative analysis
of the data and it is enough to give a strong suggestion about the vertical
distribution of minor species.

We selected PFS limb measurements acquired in almost the same condi-
tions on which we focused on in Chapter 6 for the indirect study of the vertical
distribution of water vapor and carbon monoxide: 1) northern spring (Ls =
0°-30°) over the near-equatorial region (10°-30° N) and 2) southern spring (Ls
= 180°-210°) over the near-polar region (50°-70° S). Unfortunately, the PFS
measurements acquired in limb geometry are pretty limited in number, there-
fore it is di�cult to average many spectra and to have a good signal to noise
ratio in the selected observing conditions. For this reason we decided to apply
our algorithm, as �rst attempt, only to the water vapor band at 2.6 µm (3845
cm-1), which is much more stronger than the carbon monoxide one at 2.36 µm
(4235 cm-1).

For each case we considered, we averaged spectra in tangent altitude bins
of 30 Km, from the surface to 80 Km, and by shifting by 10 Km in the tangent
altitude of limb measurements from an average to the next one: for example,
0-30 Km, 10-40 Km, 20-50 Km, . . . , and so on. Moreover, we excluded spectra
having their FOV partially on the surface and we discarded best �t values
having a χ2 > 50, as we have already described in Chapter 5. In this way we

1)

Mean Tang Alt [Km] # of Averaged Spectra

29.10 1
32.93 3
40.86 5
49.10 5
59.83 4
70.62 5

2)

Mean Tang Alt [Km] # of Averaged Spectra

38.20 1
57.76 7
64.16 23
67.52 34

Table 7.1: Coverage of PFS limb data 1) for the northern spring (Ls = 0°-30°) over

the near-equatorial region (10°-30° N) and 2) for the southern spring (Ls = 180°-210°)

over the near-polar region (50°-70° S).

obtained 6 and 4 mean spectra for the case 1) and the case 2), respectively.
The number of averaged spectra for each altitude bin varies between 1 and 34
(Table 7.1).

In Figure 7.12 a typical example of the good �t between the synthetic spec-
trum, computed with our MCRT code, and the measured PFS limb spectrum
is shown. This spectrum corresponds to a single spectrum selected into the
bin Ls=0°-30°, Lat=10°-30° and acquired pointing a tangent altitude of 29.1
Km. The limb spectra have the advantage of having a very high radiance when
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Figure 7.12: Spectral �t example of the water vapor absorption band for an averaged

spectrum (normalized to its continuum), corresponding to a single spectrum selected

into the bin Ls=0°-30°, Lat=10°-30°N and acquired pointing a tangent altitude of

29.1 Km. The retrieved mixing ratio is 433 ppm with a minimum χ2 of 2 (over 130

sampling points).

pointing the lower atmosphere, because of the absence of the surface absorp-
tion. This advantage allow us to obtain a good �t even on a single spectrum.
The uncertainty on the retrieved values of concentrations is 24%, because 19%
is the uncertainty we estimated for the retrieval of water vapor using our al-
gorithm (Section 4.4) on which we have to add the accuracy we set for the
Monte Carlo computations (5%).

Applying the procedure we developed to all the mean spectra we selected,
we obtain the vertical pro�les of water vapor (Figure 7.13).

Figure 7.13: H2O vertical pro�les for the northern spring (Ls = 0°-30°) over the

near-equatorial region (10°-30° N) (left) and for the southern spring (Ls = 180°-210°)

over the near-polar region (50°-70° S) (right).

During the northern spring over the near-equatorial region (Ls = 0°-30°,
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Lat = 10°-30° N) we observe a mean water vapor concentration of 276.36
ppm, with a maximum of 433 ppm at 29 Km. From 32 Km to 70 Km the
H2O amount has a lower value almost constant around 240 ppm, with a little
increase (about 260 ppm) between 50 and 60 Km.

During the southern spring over the near-polar region (Ls = 180°-210°, Lat
= 50°-70° S), we detect a mean water vapor concentration of about 200 ppm,
with a strongly decreasing amount of water vapor between 38 Km and 64 Km.
The lower atmosphere has the maximum amount of water vapor, with 562 ppm
at 38 Km, whereas higher than 64 Km the atmosphere appears to be extremely
dry (about 25 ppm of H2O).

7.5 Conclusions and Future Developments

We developed a method to retrieve the minor species concentration by limb
measurements using a code based on the Monte Carlo approach. We validated
this radiative transfer code by comparing its results with the ones obtained
using DISORT based codes (ARS for Nadir and SARTre for Limb). For all
the di�erent cases we examined we measured �uctuations of amplitude gen-
erally less then the 5% and 10% around the mean di�erence of the continua,
respectively, in the spectral range covering the H2O and CO absorption band
we used for our analysis. Since our retrieval method works on the normalized
spectra, we can neglect the di�erences on the continuum. Moreover, we set
the Monte Carlo accuracy to 5% because this represents the best compromise
between a good accuracy and its computational time. Therefore, in the water
vapor range (3780-3920 cm−1), in which the comparisons between the di�erent
codes give a di�erence of 5%, equal to the accuracy we set, our MCRT code is
validated.

We applied the new algorithm for the retrieval of the water vapor in the two
particular cases we examined in details in Chapter 6. Although our method
has still to be improved, since at the moment it can simulate the radiation
coming along the line of sight, whereas it is not able to simulate the radiation
collected by a real instrument having a certain FOV and to take into account
the air refraction, its application to PFS limb data gave us some very interest-
ing information about the vertical distribution of water vapor in the Martian
atmosphere. In both cases that we examined the H2O results to be con�ned
mainly in the �rst 30 Km. This direct result con�rms the indirect suggestions
that we got by nadir measurements for the study of the correlation between the
surface pressure and the integrated water vapor concentration (Section 5.5.1)
and for the study of dynamics, as the presence of planetary waves (Section
6.3). Moreover, the water vapor con�nement in the atmosphere of Mars was
also suggested by observations of other instruments and models, that we have
already discussed in Section 5.5.1. But, because of the large PFS �eld of view
and the MEX orbit, we cannot acquire measurements with a tangent altitude
lower than about 25 Km, therefore it is di�cult to make assumption about the
very low atmosphere (boundary layer), as done by the studies we mentioned.
However, we can infer that this con�nement of the water vapor in the lower
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layers is probably due to soil-atmosphere interactions.
The H2O vertical trends we studied revealed another important informa-

tion: during the northern spring on the near equatorial regions, the atmosphere
above 35 Km is relatively wet, having a water vapor concentration (∼ 240 ppm)
higher than its mean global and annual average value (∼ 150 ppm). During
this period, the H2O is kept around the equator by the global circulation
(Chapter 5) and since it is seasonally and geographically far from its sources,
the summer polar caps, the atmosphere has enough time to mix it vertically.
On the contrary, during the southern spring the atmosphere near the south
polar region becomes extremely dry above 60 Km (∼ 25 ppm), reaching almost
the minimum quantity we detected in the Martian atmosphere. This is due to
the beginning of the sublimation of the water ice by the southern polar cap
(Chapter 5), which increases the water vapor amount in the atmosphere near
the surface, whereas the atmospheric circulation has not had enough time yet
to mix it vertically.

However, the MCRD code is not still complete and we plan to make it more
stable and suitable for several applications in planetary atmosphere. The �rst
step in the improvement of the code is the implementation of the thermal
radiation and the performing of a deeper validation in a wider spectral range.
A more precise treatment of the scattering by aerosols could allow to apply our
code to the study of clouds. Moreover, we plan to add further improvements,
as to take into account the air refraction of the line of sight (Ray Tracing)
and the polarization e�ects. Finally, we plan also to add the modelling of the
non-LTE emission.

As these improvements will be applied, it will be possible to perform a
wide mapping of the vertical distribution of minor species (especially H2O and
CO) in order to study deeper their behaviour and their connection with the
atmospheric dynamics.
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Conclusions

In this thesis work we have studied the concentration trends of two very impor-
tant minor species in the Mars atmosphere: water vapor and carbon monoxide.
We used observations acquired for more than two and a half Martian years (MY
27�28�29) with Mars Express PFS instrument. Although there are several H2O
and CO absorption bands in the spectral range covered by PFS, we decided
to focus on the band at 2.6 µm (3846 cm−1) for the water vapor and on that
at 2.36 µm (4235 cm−1) for the carbon monoxide. However, although there is
a CO absorption band, which is much more intense, at 4.65 µm (2150 cm−1),
in the thermal region of the SW channel of PFS, we decided to perform the
analysis of this atmospheric minor species using the weaker band at 2.36 µm
(4235 cm−1), because the study of the thermal region of the spectrum has, at
the time of this writing, di�erent problems, and their resolution would require
further study. Nevertheless, it was possible to validate the CO analysis for
comparison between the results obtained in the two bands for only a few cases
in which it was allowed by the analysis conditions of the thermal region.

In order to correct the possible instrumental e�ects, causing the modulation
of the spectral continuum at wavenumbers around 5000 cm−1, we developed
an analysis method (described in Chapter 4), which involves the use of the
relative bands depth rather than the absolute ones, in order to be independent
from the absolute calibration.

H2O and CO Variability

The water vapor retrieval revealed the same seasonal behaviour already ob-
served by TES and other instruments, as PFS by indipendent studies and
CRISM. The mean global value is 9.6 pr.mm and we measure a maximum wa-
ter vapor concentration of about 59 pr.mm during the northern summer in the
atmosphere over the north polar cap, in agreement with CRISM and all other
observational data. After the sublimation of the northern polar cap we ob-
serve the water vapor migration toward tropical regions. A similar behaviour
is evident in the southern hemisphere: the polar cap sublimation during its
summer causes an enhancement of the atmospheric content of water vapor.

The geographical distribution of water vapor is characterized by a pecu-
liarity in almost all the seasons (Spring, Fall and Winter): an increase of the
water vapor abundance over two particular regions, Arabia Terra (30°E, 0°N)
and Tharsis (100°W, 0°N). Both these maxima have been also observed by
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many instruments and two explanations have been given for them: interac-
tion soil-atmosphere and atmospheric circulation in�uence with the presence
of stationary waves causing a water vapor build-up over certain region.

Studying the correlation of the water vapor concentrations with the pres-
sure, we found that the absolute concentrations are positively correlated with
the pressure, as expected, whereas the abundances normalized to a �xed pres-
sure (6.1 mbar) appear to be anticorrelated with it. This e�ect may be due to
a scenario in which the water vapor is only partially mixed in the atmosphere
and a large part of it is con�ned to a near-surface layer (boundary layer).

Finally, we made a comparison between the values provided by the MCD
model (Mars Climate Database) with the results obtained by the analysis of
experimental PFS data: we observe that the latitudinal trend is not always
coincident.

Our study of the CO concentrations in the Mars atmosphere led us to ob-
serve large variations strictly bound by the condensing and subliming processes
in the polar caps. We measured a mean CO mixing ratio of about 990 ppm,
but when the summer polar cap sublimes, releasing CO2 in the atmosphere,
we can see a very strong CO depletion (down to values less than 400 ppm).
An opposite behaviour is expected over the winter polar cap, when the CO2

condenses causing an atmospheric enrichment of non-condensable gases such
as carbon monoxide. This trend is indicated by our data, but unfortunately
the PFS/SWC can study carbon monoxide only during daytime, thus we have
poor information about the atmosphere over the winter polar cap.

Planetary Waves

The geographical mapping of water vapor and carbon monoxide for di�erent
seasonal periods revealed the presence of mainly two types of wave phenom-
ena in the atmosphere of Mars: the �rst one in the equatorial areas during
the spring and the second one in the polar regions during the respective fall.
The comparison between gaseous distributions and the thermal pro�les has
provided clear indications both on the causes of the phenomenon and on the
strati�cation of gasses in di�erent layers of the atmosphere.

The wave trends observed in the H2O and CO longitudinal distributions on
the equatorial regions have not relations with the temperatures at middle-high
altitudes. Indeed, water vapor concentrations have a strong correlation with
the temperatures of the near-surface atmosphere: this correlation suggests a
direct relationship with the topography of Mars in those regions. Moreover,
other intruments observed the enhancement of H2O abundance over these two
particular regions, Arabia Terra (30°E, 0°N) and Tharsis (100°W, 0°N).

The strong positive correlation between the longitudinal distribution of
water vapor and the topography suggests that the H2O is generally located in
the boundary layer (near-surface atmosphere), whereas the carbon monoxide
behavior suggests that it is generally well mixed in the atmosphere of Mars,
since it is a non condensable gas and its longitudinal trend is almost �at as
the corresponding temperatures at middle-high altitudes.
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During the southern spring in the near polar atmosphere, the relationships
between temperatures and gaseous concentrations suggest that in these con-
ditions water vapor is con�ned near the surface, while the carbon monoxide
is located mainly in the middle-high atmosphere. This scenario is compatible
with the beginning of the H2O sublimation from the southern polar cap, and
the transport of the CO toward the equator, since it is a non condensable gas.

Limb Retrieval Algorithm and H2O Vertical Dis-

tribution

All the clues about the vertical distribution of minor species, which we discov-
ered by studying the integrated abundance of water vapor and carbon monox-
ide retrieved by nadir PFS measurements, required a direct con�rmation. The
lack of stable radiative transfer codes able to simulate limb measurements, at
the moment of this writing, led us to develop a new own algorithm. So we
developed a method to retrieve the minor species concentration by limb mea-
surements using a code based on the Monte Carlo approach. We validated this
radiative transfer code by comparing its results with the ones obtained using
DISORT based codes (ARS for Nadir and SARTre for Limb). This validation
in the water vapor absorption band at (3780-3920 cm−1), under a certain un-
certainty equal to the Monte Carlo accuracy that we set (5%), allowed us to
implement it in the algorithm we developed for nadir retrievals, making it able
to retrieve the concentrations of minor species by limb measurements.

We selected PFS measured spectra acquired in limb geometries and in the
observing conditions we focus on for the planetary waves study: 1) northern
spring (Ls = 0°-30°) over the near-equatorial region (10°-30° N) and 2) southern
spring (Ls = 180°-210°) over the near-polar region (50°-70° S). Unfortunately,
the PFS measurements acquired in limb geometry are pretty limited in number,
therefore it is di�cult to average many spectra and to have a good signal to
noise ratio in the selected observing conditions. For this reason we decided to
apply our algorithm, as �rst attempt, only to the water vapor band at 2.6 µm
(3845 cm-1), which is much more stronger than the carbon monoxide one at
2.36 µm (4235 cm-1).

The water vapor retrieval gave us important results: in both cases we exam-
ined the H2O results to be con�ned mainly in the �rst 30 Km, as suggested by
our indirect indications (surface pressure correlation and planetary waves), and
other previous studies. This con�nement is probably due to soil-atmosphere
interactions.

The H2O vertical trends we studied revealed another important informa-
tion: during the northern spring on the near equatorial regions, the atmosphere
above 35 Km is relatively wet, having a water vapor concentration (∼ 240 ppm)
higher than its mean global and annual average value (∼ 150 ppm), whereas
during the southern spring the atmosphere near the south polar region be-
comes extremely dry above 60 Km (∼ 25 ppm), reaching almost the minimum
quantity we detected in the Martian atmosphere. The explanation of this be-
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haviour lies in the dynamical processes that occur in the Martian atmosphere:
in the �rst case the global circulation keeps the water vapor vertically mixed
in the equatorial latitudes; in the second case the beginning of the sublimation
of the southern polar cap increases the water vapor amount in the atmosphere
near the surface, leaving the higher layers relatively dry.

Finally, the improvement of our algorithm will allow to widely map the
vertical distribution of minor species (especially H2O and CO) and so to study
deeper their behaviour and their connection with the atmospheric dynamics.

This thesis work will be useful in future data processing of both PFS and
other instruments on board future missions, as NOMAD aboard the ExoMars
spacecraft. The Nadir and Occultation for MArs Discovery, or NOMAD, will
be part of the ExoMars Trace Gas Orbiter payload, to be launched in 2016. It
is a spectrometer suite that can measure the spectrum of sunlight across a wide
range of wavelengths (infrared, ultraviolet and visible). This broad coverage of
the instrument enables the detection of the components of the Martian atmo-
sphere, even in low concentrations. In addition to identifying the constituents
of the Martian atmosphere, NOMAD will also map their locations. Therefore,
our study, providing important information about the Martian atmosphere,
will be also useful for the science planning of future observations.
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a b s t r a c t

In the history of Mars exploration its atmosphere and planetary climatology aroused particular interest. In

the study of the minor gases abundance in the Martian atmosphere, water vapour became especially

important, both because it is the most variable trace gas, and because it is involved in several processes

characterizing the planetary atmosphere. The water vapour photolysis regulates the Martian atmosphere

photochemistry, and so it is strictly related to carbon monoxide. The CO study is very important for the

so-called ‘‘atmosphere stability problem’’, solved by the theoretical modelling involving photochemical

reactions in which the H2O and the CO gases are main characters.

The Planetary Fourier Spectrometer (PFS) on board the ESA Mars Express (MEX) mission can probe the

Mars atmosphere in the infrared spectral range between 200 and 2000 cm�1 (5–50 mm) with the Long

Wavelength Channel (LWC) and between 1700 and 8000 cm�1 (1.2–5.8 mm) with the Short Wavelength

Channel (SWC). Although there are several H2O and CO absorption bands in the spectral range covered by

PFS, we used the 3845 cm�1 (2.6 mm) and the 4235 cm�1 (2.36 mm) bands for the analysis of water

vapour and carbon monoxide, respectively, because these ranges are less affected by instrumental

problems than the other ones. The gaseous concentrations are retrieved by using an algorithm developed

for this purpose.

The PFS/SW dataset used in this work covers more than two and a half Martian years from Ls¼621 of

MY 27 (orbit 634) to Ls¼2031 of MY 29 (orbit 6537). We measured a mean column density of water vapour

of about 9.6 pr. mm and a mean mixing ratio of carbon monoxide of about 990 ppm, but with strong

seasonal variations at high latitudes. The seasonal water vapour map reproduces very well the known

seasonal water cycle. In the northern summer, water vapour and CO show a good anticorrelation most of

the time. This behaviour is due to the carbon dioxide and water sublimation from the north polar ice cap,

which dilutes non-condensable species including carbon monoxide. An analogous process takes place

during the winter polar cap, but in this case the condensation of carbon dioxide and water vapour causes

an increase of the concentration of non-condensable species. Finally, the results show the seasonal

variation of the carbon monoxide mixing ratio with the surface pressure.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the study of the constituent gases of the Martian atmosphere,
water vapour arouses particular interest, both because it is the most
variable minor gas and because it is involved in many processes
characterizing the planetary atmosphere. In fact, the water vapour
photolysis controls the Mars atmosphere photochemistry, producing
odd hydrogen species, such as H, OH, HO2 and H2O2. The latest mean
global models of Mars photochemistry were calculated by Nair et al.
(1994) and Krasnopolsky (1995).

The carbon monoxide (CO), produced by the CO2 photodissocia-
tion, is strictly related to water vapour not only by photochemical
causes, such as the CO2 catalysed recombination (COþOH-CO2þH),

but also by dynamical effects. The water vapour is a condensable
species, while the carbon monoxide is a non-condensable one, so they
respond differently to atmospheric processes.

The first observations of Mars atmosphere composition were
made using ground-based instruments in the first 1960s (Spinrad
et al., 1963). About the seasonal evolution of water vapour, the first
dataset was provided by the Echelle-Coudé scanner at McDonald
Observatory during the period between 1972 and 1974 (Barker, 1976)
and later by the MAWD spectrometer on board the Viking 1 lander
using the 1.38 mm absorption band. The main result obtained from
this experiment was the coverage of the complete seasonal cycle on
Mars, showing a variability of water vapour abundance from a few up
to about 100 pr. mm (precipitable microns). These results suggested a
water vapour exchange between the atmosphere and the superficial
reserves, as permanent and seasonal polar caps and regolith, and a
clear transport from north to south caused by the global circulation
(Jakosky and Farmer, 1982).
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At the end of the 1980s and in the 1990s data acquired by new
spacecrafts were available. The ISM spectrometer on board the
Phobos 2 measured a mean column density of 973 pr. mm in the
south and of 1273 pr. mm in the north (Rosenqvist et al., 1992). In
1997 the photocamera on board the lander Pathfinder measured
photometrically a column density of 674 pr. mm in the Ares Vallis
region at Ls¼1501 and a water vapour confinement in the boundary
layer (1–3 km upon the surface) (Titov et al., 1999).

In the period between 1999 and August 2004 the ‘‘Thermal
Emission Spectrometer’’ (TES) on board the Mars Global Surveyor
acquired spectra covering the spectral band 20–45 mm. These data
cover more than three Martian years always at 14:00 local time (Smith,
2004). A reanalysis of TES acquired spectra has lowered the water
vapour results by 30% (Smith, 2008). The whole seasonal coverage
includes three summers of the northern hemisphere and shows a
maximum water vapour column density from 55 to 80 pr.mm varying
in the three different years. Recently, Smith et al. (2009) published also
the water vapour results obtained from MRO/CRISM data.

Since January 2004 Europe has been contributing to the Mars
exploration with Mars Express. Water vapour in the atmosphere has
been studied by the three spectrometers on board: OMEGA (Encrenaz
et al., 2005; Melchiorri et al., 2007), SPICAM (Fedorova et al., 2006) and
PFS (Fouchet et al., 2007; Tschimmel et al., 2008).

Although water vapour and a few atmospheric species involved
in Mars photochemistry, such as O3 (Fast et al., 2009), H2O2 (Encrenaz
et al., 2008) and the O2 (Altieri et al., 2009; Krasnopolsky, 2006), were
observed and studied with a close examination, we do not know much
about the carbon monoxide. Regarding the CO study in the Mars
atmosphere, Krasnopolsky (2006) published a paper in which the
CO mixing ratio variations are shown as observed from Earth with
the IRTF/CSHELL instrument using the 1.57 mm band spectroscopy.
Another paper was published by Encrenaz et al. (2006) about the
study of the CO concentration variations over Hellas region as obser-
ved by OMEGA instrument on board the Mars Express, but the first
description of the seasonal dependence of the carbon monoxide
mixing ratio over a wide latitude range was given by Smith et al.
(2009) from CRISM data. Recently also a first paper on the CO obser-
vations from PFS-MEX data was published by Billebaud et al. (2009),
but the dataset was rather limited.

The study of carbon monoxide is of primary importance for the
so-called ‘‘stability problem’’ of the Mars atmosphere. In fact the CO2

dissociation in CO and O by photolysis should destroy the whole
atmosphere in 6000 years. Then, the CO is recombined forming again
CO2 thanks to the catalysis of H2O photolysis products.

The lack of many simultaneous measurements of water vapour
and carbon monoxide makes their comparison an issue of great
interest for the understanding of photochemical and dynamical
processes involved in the Mars planetary atmosphere. So the aim of
this work is to investigate these two atmospheric species and their
connections.

In this paper we present the results of water vapour and carbon
monoxide concentration in the Mars atmosphere using spectra
acquired by the PFS SW channel for more than two Martian years. In
Section 2 we present a brief instrument and dataset description. In
Section 3 we discuss the retrieval algorithm, and finally in Section 4
we show the experimental results, discussing them in Section 5.

2. Dataset

2.1. The PFS instrument

The Planetary Fourier Spectrometer (PFS) is an instrument
optimized for atmospheric studies and it is described in detail
by Formisano et al. (2004, 2005). It covers the IR spectral range from
1.2 to 45 mm and it consists of two different channels: the Short

Wavelength Channel (SW), which measures the reflected light from
the planet, and the Long Wavelength Channel (LW), which is
sensitive to the emitted light from the planet surface. The spatial
resolution is about 8 and 13 km for the SW and LW channel, respec-
tively, from an altitude of 300 km. The SW channel uses a PbSe
detector passively cooled to 200–220 K, whereas the LW channel
detector is a pyroelectric device (LiTaO3), which works at room
temperature. The interferogram is sampled using a reference laser
diode signal.

Apodized spectra were used for this work because of their noise
reduction and the decrease of the overshooting effect in the red
wing that is typical for the PFS instrumental function. The spectral
response function of the instrument has a FWHM of 2.04 cm�1

with Hamming apodization and a sampling step of 1.05 cm�1. The
loss of spectral resolution caused by the use of apodized spectra is
not a problem, because the abundance analysis is done on absorp-
tion bands and not on single lines.

Regarding the in-flight performance, there are three causes for
instrumental uncertainties that have to be taken into account:
problems with radiometric calibrations, random noise due to the
detector and AD converter and the influence of spacecraft vibra-
tions (Giuranna et al., 2005). These instrumental uncertainties may
alter the effective depth of the absorption lines, leading to errors in
the estimations of gas abundance. In order to reduce the noise and
thus to improve the signal-to-noise ratio (S/N), we used average
spectra and, to be independent on the absolute calibration, we
analysed the relative band depths. As inferred by Comolli and
Saggin (2005) and confirmed by Giuranna et al. (2007) the space-
craft vibrations affect only the level of the continuum leaving
unaltered the relative depth of the atmospheric absorption lines.

2.2. Observations

The PFS/SW dataset used in this work covers more than two and
a half Martian years from Ls¼621 of MY 27 (orbit 634) to Ls¼2031
of MY 29 (orbit 6537). For the creation of a single mean spectrum
several measurements have to be averaged. This purpose is achieved
by averaging spectra in two different ways, making two kinds of
datasets. The first, called in this paper ‘‘orbital dataset’’, is obtained by
choosing the ideal number of measurements to average in order to
represent the best compromise between the signal-to-noise ratio
increase and the maintenance of a good spatial resolution: for the H2O
analysis 15 individual measurements have been averaged, whereas for
the CO, the relative band being much weaker (see Section 3), it was
necessary to average 50 single measurements. For a single orbit, the
mean spectra were built by shifting by 10 measurements from an
average to the next one: for example, 1–15, 11–25, 21–35, y, (for the
H2O), or 1–50, 11–60, 21–70, y, (for the CO) and so on. In this way
42,935 mean spectra have been generated for the water vapour
analysis and 36,174 mean spectra for the carbon monoxide analysis.
The second kind of dataset, called in this paper ‘‘bin dataset’’, is
obtained by averaging spectra in square bins of 51 Solar Longitude
(Ls)�51 Latitude for seasonal behaviour studies and in square bins of
101 Longitude�101 Latitude for geographic distribution studies. The
Latitude vs Longitude bin averages are calculated separately for each
of the four seasons: northern Spring (Ls¼0–901), Summer (Ls¼
90–1801), Fall (Ls¼180–2701) and Winter (Ls¼305–3601). Since the
aim of our work is the study of the average behaviour of H2O and CO,
data from Ls¼2701 to 3051 were excluded, because they are affected
by the global-encircling dust storm occurred during the MY 28. In this
way we have 2592 mean spectra for the Latitude vs Ls studies and 648
mean spectra for each season of the Latitude vs Longitude studies.

Obviously, the number of averaged spectra in a single bin is not
constant and varies from a minimum of 1 to a maximum of 1277
with a mean value of about 213 for the seasonal study bin dataset
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(Fig. 1) and of 208 (Spring), 256 (Summer), 74 (Fall) and 159
(Winter) for the geographical study dataset (Fig. 2).

It is necessary to make two different kinds of dataset to optimize
the S/N ratio according to the study aim. The best S/N ratio is
obtained in the bin dataset, but this averaging method causes the
loss of important information linked to the mean spectrum, such as
temporal or orbital information. Therefore, the bin dataset is used
when we have to investigate only the seasonal and geographical
mean trends of the gaseous concentrations, while the orbital

dataset, keeping the orbital information, allow us to investigate
variations on relatively small scales, although with a poorer
S/N ratio.

3. Analysis procedure

Although there are several H2O and CO absorption bands in the
spectral range covered by PFS, we used the 2.6 mm (3845 cm�1)
band for the water vapour and the 2.36 mm (4235 cm�1) band
for the CO analysis, because these ranges are less affected by
instrumental problems respect to other ones, and are out of
the thermal range limit, avoiding in this way calibration prob-
lems due to thermal inversions in the PFS/SWC spectrum (see
Section 3.4).

In order to retrieve the H2O and CO concentration in the Mars
atmosphere, we developed an analysis algorithm. The procedure
carried out can be described in several points:

1. Reading of the averaged spectrum and its geometry data.
2. Wavelength grid correction.
3. Extraction of a vertical temperature and pressure profile from

the Mars Climate Database (MCD, version 4.2).
4. Creation of synthetic spectrum by a line-by-line calculation of

monochromatic opacities for CO2, H2O (considering the satura-
tion level of water, as defined in Section 3.2) and CO. The
obtained transmittance spectrum is multiplied with the solar
spectrum and convolved with the PFS instrumental function.

5. Division of the averaged PFS spectrum and of the synthetic spec-
trum by their own specific defined continuum (normalization).

Fig. 1. Data coverage for the 51 Ls vs 51 Latitude dataset. Data affected by the global-

encircling dust storm of MY 28 (Ls¼270–3051) were excluded. The mean number of

averaged spectra in a single bin is 213. White bins indicate no data.

Fig. 2. Data coverage for the 101 Longitude vs 101 Latitude dataset for the four seasons: northern Spring (Ls¼0–901), Summer (Ls¼90–1801), Fall (Ls¼180–2701) and Winter

(Ls¼305–3601). Data affected by the global-encircling dust storm of MY 28 (Ls¼270–3051) were excluded. The mean number of averaged spectra in a single bin is 208 for

Ls¼0–901, 256 for Ls¼90–1801, 74 for Ls¼180–2701 and 159 for Ls¼270–3601. White bins indicate no data.
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6. Finding the H2O and CO mixing ratio in a fitting loop using a w2

minimization.

In the synthetic spectra we considered a fixed value of 0.10 for
the dust and ice optical depth, respectively, at 1100 and 825 cm�1,
with an exponential vertical distribution of particles. This value of
optical depths represents the typical Martian conditions out of the
dust storm periods (Smith, 2004; Esposito et al., 2006). The pro-
perties of dust as a function of wavenumber are those proposed by
Ockert-Bell et al. (1997), whereas for water ice we used infrared
refractive indices published by Hansen (1999). The grain size distri-
bution used for the aerosols is that described in the model by Clancy
et al. (2003). The error related to having neglected variations in the
aerosols opacity is evaluated in Section 3.6.

3.1. Wavelength grid correction

The wavelength sampling in the averaged measured spectra can
be lightly shifted because of the small temporal variations in the
laser diode temperature and in the pendulum motion. Then, it is
necessary to follow a correction procedure for the spectrum grid.
The correction is done for each individual spectrum using a reference
synthetic spectrum, which contains 300 ppm of H2O and 800 ppm of
CO: in this way the exact wavelength of each absorption line is well
defined.

The procedure consists in the choice of three minima, repre-
senting the position in wavelength of three absorption lines in the
observed and synthetic spectra in the spectral range in which the
absorption band of interest is contained. The correction factor for
the wavelength grid is the mean value of the ratio between the wn

(wavenumber) positions in the measured spectrum (wnm) and the
corresponding ones in the synthetic spectrum (wns), i.e.

corr¼

P3
i ¼ 1 wnmi=wnsi

3

Averaging the three values is necessary because the correction
factor can sometimes be slightly different over the whole spectral
range considered. Therefore, in order to obtain the corrected
spectrum it is sufficient to divide the old wavelength grid by the
correction factor.

The correction factor ranges from 1.00000 to 1.00046, with a
mean value of 1.0001870.00008 and a peak value of the histogram
distribution of 1.0001570.00015.

3.2. The synthetic spectrum

To compute synthetic spectra, geometry data (Latitude, Long-
itude, Ls, Local Time and Altimetry) of the individual mean spectrum
have been used as input for the MCD. From these coordinates, the
Global Circulation Model (GCM) provides a vertical temperature and
pressure profile with 65 layers. The vertical resolution of the model
decreases with altitude, going from about 400 m close to the surface
to 7 km at 115 km. Consequently the temperature profile determines
the saturation water vapour pressure ps over ice (given in Pa),
according to the formula by Marti and Mauersberger (1993)

logps ¼�
2663:570:8

T
þð12:53770:011Þ

The atmospheric modelling was performed using the approach
of Ignatiev et al. (2005). Synthetic spectra are calculated line-by-
line using the absorption coefficients extracted from precalculated
gaseous opacities for the temperature and pressure profile of interest.
The spectral lines are extracted from the molecular spectroscopic
database HITRAN 2004 (Rothman et al., 2005). We have to keep in
mind that since this database was created for the Earth’s atmosphere,
the correction for an atmosphere dominated by CO2 (Mars case) is

done using a broadening parameter varying between 0.9 and 1.9 from
line to line (Gamache et al., 1995). In our case the broadening factor is
set to 1.3, as done by Fedorova et al. (2006).

The transmittance spectrum is calculated considering a specific gas
(H2O or CO) mixing ratio, which is the tuning parameter in the retrieval
algorithm. Variations of the CO2 abundance in the atmosphere are
considered as surface pressure variations (taken from the MCD model)
rather than mixing ratio variations, which is assumed to be 0.9532.
Finally, the transmittance spectrum obtained in this way is multiplied
by a high-resolution solar spectrum (Fiorenza and Formisano, 2005)
and convolved with the apodized instrumental function.

3.3. Spectra normalization

In order to use the relative band depths, it is necessary to
normalize the spectrum to its continuum in the spectral region
where the absorption bands of interest are present. This purpose is
achieved using the approach suggested by Tschimmel et al. (2008).
In this way we obtain a normalized synthetic spectrum Nsyn(l) and
a normalized measured spectrum NPFS(l) in the spectral ranges
from 3780 to 3950 cm�1 and 4160 to 4300 cm�1 for analysis of
water vapour and carbon monoxide concentration, respectively.

The spectral continuum, both for the measured and the syn-
thetic spectrum, is defined as a piecewise function C(l), linear
between two local maxima. The C(l) function is chosen in order to
take account of the possible variations of the instrumental beha-
viour and the different spectral characteristics of the albedo in the
two spectral ranges considered for the H2O and CO analysis (Fig. 3).
A local maximum is defined as the spectral point lM which has a
higher radiance than its five adjacent spectral points, for the H2O
analysis, and higher than its three adjacent spectral points, for the
CO analysis. The choice of the best number of such spectral points
for the continuum definition represents the most reliable result
obtained from several tests performed using a different number of
spectral point steps. For each step, the best fit (w2) between the
observed and the synthetic spectrum gives us the best estimate of
the number of spectral points to be considered in order to have the
best continuum definition.

Mathematically, the normalized spectrum is generated by

NðlÞ ¼
IðlÞ
CðlÞ

where N(l) is the normalized spectrum, I(l) is the radiance spectrum
and C(l) is the continuum. Examples of normalized spectra are shown
in Fig. 4 (black line), together with the best fit synthetic spectrum
(red line).

3.4. Best fit procedure

In the best fit procedure for measured and synthetic spectra the
mixing ratio of the atmospheric component (H2O or CO) is the
resulting variable parameter. In the case of water vapour band, the
mixing ratio is considered constant at altitudes below the con-
densation level and equal to the saturation mixing ratio above it,
whereas for the CO analysis a constant distributed vertical profile is
considered. Therefore, the synthetic spectrum has to be calculated
in each step of the fitting loop in order to keep into account the
changing of the saturation level due to the variable H2O content.
The fit criterion is the minimization of the w2 parameter, weighed
by the instrumental noise and defined as

w2 ¼

Pnp
i ¼ 1 ðNPFSðliÞ�NsynðliÞÞ

2

npðNER=lcont=ð
ffiffiffiffiffiffiffi
nm
p

ÞÞ
2

where the sum is extended on all the points of the normalized
spectra in the considered spectral range, np is the number of these
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points, the NER (Noise Equivalent Radiance) (Giuranna et al., 2005)
is assumed to have its mean value in the considered range (0.023
and 0.035 erg s�1 cm�1 sr�1 cm, for the H2O and the CO, respec-
tively), lcont is the mean continuum radiance in the spectral range
and nm is the number of the measured averaged spectra. We
applied this procedure to a spectral range where the absorption
band is stronger and the influence of the solar spectrum is not too
strong, i.e. the 3785–3925 cm�1 range for the H2O band and the
4200–4245 cm�1 for the CO band.

The synthetic spectrum calculation and its normalization are
iterated in a cycle that use a w2 minimization method. The
minimum w2 provides the fit quality.

Fig. 4 (left-panel) shows an example of good quality spectral
fit of the H2O absorption band for an averaged spectrum,

corresponding to 200 single spectra selected within the bin
Ls¼70–751, Lat¼65–701N. The vertical atmospheric profiles have
been calculated for a latitude of 68.21N and a longitude of 21.41E,
during Ls¼72.91 and a solar local time (Lt) of 8.82. In this case the
analysis algorithm gives us a mixing ratio of 297 ppm.

Fig. 4 (right-panel) shows an example of good quality spectral fit
of the CO absorption band for an averaged spectrum, corresponding
to 243 single spectra selected within the bin Ls¼300–3051,
Lat¼25–301S. The vertical atmospheric profiles have been calcu-
lated for a latitude of 27.51S and a longitude of 10.61W, during
Ls¼301.91 and a solar local time (Lt) of 10.63. In this case the
analysis algorithm gives us a mixing ratio of 640 ppm.

However, in spite of the good quality fit, some features, as for
example those around 3830 and 3850 cm�1 in Fig. 4 (left-panel),

Fig. 3. Examples of continuum definition for PFS measured spectra in the absorption band spectral ranges for the H2O (left) and the CO (right). The black line is the measured

spectrum and the red line is its continuum. The crosses are the spectral point used for the continuum definition. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 4. Left-panel: Spectral fit example of the water vapour absorption band for an averaged spectrum (normalized to its continuum), corresponding to 200 single spectra

selected into the bin Ls¼70–751, Lat¼65–701N. The retrieved mixing ratio is 297 ppm with a minimum w2 of 16 (over 130 sampling points). Right-panel: Spectral fit example

of the carbon monoxide absorption band for an averaged spectrum (normalized to its continuum), corresponding to 243 single spectra selected into the bin Ls¼300–3051,

Lat¼25–301S. The retrieved mixing ratio is 640 ppm with a minimum w2 of 4 (over 40 sampling points).
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and those around 4245 and 4260 cm�1 in Fig. 4 (right-panel), remain
not well fitted. These features are common to almost all the spectra
and their origin has probably to be found in a wrong line broadening
factor in the model, in systematic instrumental features or in an
unknown contribution of other atmospheric components.

When the averaged measured spectrum radiance level is too low,
resulting in a very low signal-to-noise ratio, or when particular albedo
features do not allow a correct continuum definition, it is not possible
to obtain a good fit. Therefore, results obtained with a poor fit quality
will be excluded a posteriori using a selection method that takes into
account the w2 value. The w2 histogram distribution reveals a peak in
correspondence of a value of 1.5 for the H2O retrieval and of 2.5 for the
CO retrieval, but with a less broad distribution for the last one. The w2

threshold (50 and 25 for the H2O and the CO band fit, respectively)
was chosen in order to strike a balance between the maintenance of a
relevant data coverage and a sufficiently good fit quality (Fig. 5). In this
way we discarded about 25% of the water vapour data and about 20%
of the carbon monoxide data, mostly relating to the night (winter)
polar regions, which have a very low signal-to-noise ratio.

The presence of another CO absorption band in the PFS/SWC
spectrum, around 2150 cm�1, allows sometimes the comparison
between concentration values obtained from the two different band
fits. However, this band in the thermal region of the spectrum,
although it is more intense than the other one, hides some analysis
problems. The main problem is the calibration of the thermal region of
the spectrum, because it is a very complex task when in the spectra
there are one or more ‘‘thermal inversions’’, which depend on the
relative temperature between Mars and the detector. In fact, in the
thermal radiation range (up to 2900 cm�1), the PFS/SW channel is
sensitive to the difference of temperature between the emitting
source (Mars) and the detector temperature (Giuranna et al., 2005).
So, when Mars becomes hotter or cooler than the detector, one or
more ‘‘phase jumps’’ occur and they prevent a good spectrum cali-
bration. Unfortunately, we have not still a stable algorithm able to
perform this kind of phase correction, therefore spectra affected by
thermal inversions can not be used in the retrieval analysis.

In some cases, in which it was possible to apply the same analysis
procedure described above (without spectrum normalization), we
have compared results from the two bands (an example is shown in
Fig. 6). The retrievals obtained from the two bands, analysing the same
spectra, differ by about 6%. The result of this comparison validates the
method used for the 4200–4245 cm�1 band.

3.5. Corrections of CO values a posteriori

The PFS/SWC spectrum has a spectral modulation, due to instru-
mental problems, centred at about 2 mm (5000 cm�1) which starts
from about 4000 cm�1, and therefore it affects the CO absorption
band (4235 cm�1). Comolli and Saggin (2005) suggested that the
modulation affects only the spectral continuum level without
changing the relative depth of the spectral features. Therefore
the normalization procedure should correct this effect and the
mixing ratio values should be independent on the spectral con-
tinuum slope. In order to test a possible effect of the 2 mm spectral
modulation on the CO band depth we considered the good quality
spectral fit (w2o25) of the ‘‘orbital dataset’’ and we studied the
mixing ratio values as a function of the slope of the spectral
continuum in the CO band spectral range. Fig. 7 shows the retrieved
values for the CO mixing ratio (each point is the average of CO

Fig. 5. Spectral fit examples of the water vapour (left) and carbon monoxide (right) absorption bands for averaged spectra (normalized to their continuum) having a minimum

w2 of 50 and 25, respectively, which represent the limit values of the selection criterion.

Fig. 6. Spectral fit example of the carbon monoxide absorption band in the range

2000–2180 cm�1 for an averaged spectrum, corresponding to 243 single spectra

selected into the bin Ls¼300–3051, Lat¼25–301S. The retrieved mixing ratio is

601 ppm with a minimum w2 of 2. We compare this result with the one obtained in

Fig. 4, referring to the same spectrum. We note that the difference in the retrieved

concentration is about 6%.
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values for slope bins of 5�10�5) as a function of the slope. It is clear
from the figure that there is a linear relationship between the two
quantities described by two linear fits defined as:

yðmÞ ¼
1297:75þ249,272:00m for mo�2:42� 10�4

903:28�1:38e6m for m4�2:42� 10�4

(

We have demonstrated that the 2 mm modulation affects the
band depth that therefore has to be corrected using the ‘‘calibration
function’’ y(m).

The corrected mixing ratio value (cmr) can be calculated for each
data-point as follows:

cmr¼ omr
yðmsyntÞ

yðmÞ

where omr is the retrieved mixing ratio value, yðmsyntÞ is the reference
mixing ratio (903 ppm) and y(m) is the mixing ratio value of the
calibration function at a considered angular coefficient m.

The reference mixing ratio yðmsyntÞ, considered as the expected
mean value of the whole dataset, has been obtained applying the
calibration function to the slope of the continuum of a synthetic
spectrum (without modulation) in the CO band.

3.6. Evaluation of uncertainties

There are many sources of uncertainties in the procedure described
above. First of all, in the synthetic spectra calculation the main error
source is the broadening line factor in a CO2 dominated atmosphere.
Although it is an important parameter, there is little experimental
information about its correct value in the considered spectral ranges.
The error coming from this factor was evaluated changing its value
between 1.3 (Fedorova et al., 2006) and 1.7 (Gamache et al., 1995). In
this way we obtained a variation in the retrieved abundance values of
about 15% for the H2O and of about 10% for the CO.

Another source of error has to be found in the used climatic
model: the uncertainty derived from the MCD pressure is less than
2%, and the one derived from the MCD temperature is about 5%. For
the water vapour analysis, the uncertainty coming from the MCD
temperature affects the saturation profile producing an error of
about 5% in its abundance.

In order to estimate the uncertainty derived by having neglected
the aerosols effect, we have generated a synthetic spectra set, using
different dust and ice opacities. The range of variability for the dust

optical depth (at 1075 cm�1) was chosen between 0.05 and 0.4,
which represents the Martian mean conditions out of the global
dust storm (Smith, 2004; Smith et al., 2009). Processing each
spectrum of this set with the analysis procedure used for actual
Martian data, we obtained an error (standard deviation of retrieved
results) of 7% and 9% in the retrieved concentration for the water
vapour and for the carbon monoxide, respectively.

For the variability of the water ice content in the Martian
atmosphere, we considered an optical depth range between 0.05
and 0.12 at 825 cm�1 (Smith, 2004). The ice particle content in the
atmosphere results to be totally negligible for the two absorption
bands considered in our study.

Another important contribution to the error evaluation derives from
the continuum definition: a little variation in its definition and the
presence of the instrumental noise can result in errors up to about 5%
and 15% in the H2O and CO concentration, respectively. In addition, only
for the CO concentration retrieval, we have to consider the uncertainty
due to the ‘‘a posteriori correction’’ for the 2 mm modulation (Section
3.5): the error (standard deviation) is evaluated to be about 5%.

Finally, there is also an intrinsic error in the fit cycle. Since the
synthetic spectra are calculated with a minimum step of 5% in the
mixing ratio, this value also represents the accuracy of the best fit
procedure. Moreover, the fit quality given by the w2 value provides
an estimation of the error on concentration of the considered
atmospheric component.

Therefore, we can conclude that the broadening line factor and
the continuum definition (only for the CO retrieval) represent the
main sources of error in the whole procedure. Considering all the
contributions, the total error (square sum) for each retrieved
concentration value is estimated to be about 19% for the water
vapour and about 22% for the carbon monoxide.

4. Results

4.1. Water vapour: seasonal and geographical behaviour

The water vapour behaviour we retrieve reproduces the well
known seasonal water cycle in the Mars atmosphere.

In order to come out H2O results more comparable with other
datasets, we converted them in pr. mm, taking into account the
saturation and pressure profiles. Moreover, since the real vertical
distribution of water vapour is still unknown, we applied the
topographic correction usually used on the H2O retrieved values to
rule out the topographic effect on the absorption band depth: this
effect must be taken into account because the vertical distribution
of the water vapour on the Mars atmosphere is non-uniform (Titov
et al., 1999). Therefore, this topographic correction is obtained
normalizing each column density value to the mean superficial
pressure value of 6.1 mbar, i.e. each column density value is multi-
plied by a 6.1/ps factor, where ps [mbar] is the superficial pressure
corresponding to the considered spectrum. This normalization, which
seems to give reasonable results, should remove the first-order
influence of topography on the retrieved abundances of water vapour.

The retrieved H2O abundances as a function of Solar Longitude
(Ls) and latitude, as observed by PFS/SWC, from orbit 634 to orbit
6537, allow us to study its seasonal cycle. The map obtained, using
spectra averaged in 51 Ls�51 Latitude bins, is shown in Fig. 8.

The mean abundance for the whole dataset results to be about
9.6 pr.mm with a maximum of 59.0 pr. mm in correspondence of the
summer northern polar cap (Ls¼105–1251, Latitude¼70–801N). The
standard deviation over the mean value is about 9.0 pr. mm. Since the
error in estimating the mean water vapour abundance is about 1.8 pr.
mm (59.0 pr. mm), the big value of the standard deviation indicates
the very large spread in the water vapour abundance values and
therefore its variability in the Marian atmosphere. The map shows the

Fig. 7. Trend of retrieved CO mixing ratio values on 36174 averaged spectra as a

function of the continuum slope (bins of 5�10�5). Two linear fits are used to find

this dependence: y1ðmÞ ¼ 1297:75þ249272:00m for mo�2:42� 10�4 and

y2ðmÞ ¼ 903:285�1:38009e6m for m4�2:42� 10�4. The error bars are calculated

as the data standard deviations.

G. Sindoni et al. / Planetary and Space Science 59 (2011) 149–162 155



expected water vapour cycle in the Mars atmosphere. The atmospheric
content of the water vapour before Ls¼701 begins to increase at
middle-high latitudes, between 401N and 701N, because of the start of
the northern polar cap sublimation; then the latitudinal distribution is
characterized by a gradient between Ls¼801 and about Ls¼1401
(northern summer). During the period Ls¼130–1501 the amount of
water vapour at high northern latitudes begins to decrease rapidly. At
the same time, a region with relatively high H2O abundance (about

15.9 pr. mm) develops at about 451N. It moves with season toward the
equator reaching it at about Ls¼1901 and then it continues to move
toward south having a mean value of about 9.5 pr.mm from Ls¼1901 to
2701 (northern fall). During the northern winter (southern summer) for
Ls¼305–3401 we can see the increase of the H2O amount due to the
sublimation of the south polar cap (701–901S), with a maximum value
of about 22.8 pr. mm. Finally, from Ls¼3401 the water vapour moves
toward north joining at Ls¼3601 with the already discussed spring
season, starting from Ls¼01.

In order to study the water vapour distribution in the Martian
atmosphere, we used the averaged spectra in square bins of 101
Longitude�101 Latitude for each season. The results obtained for
Ls¼0–901 (northern Spring), Ls¼90–1801 (northern Summer),
Ls¼180–2701 (northern Fall) and Ls¼305–3601 (northern Winter)
are shown in Fig. 9.

We note a peculiarity in almost all the seasons (Spring, Fall and
Winter): an increase of the water vapour abundance over two parti-
cular regions, Arabia Terra (301E, 01N) and Tharsis (1001W, 01N). Both
these maxima have been also observed by many instruments and two
explanations have been given for them: interaction soil–atmosphere
(Smith, 2002) and atmospheric circulation influence with the pre-
sence of stationary waves causing a water vapour build-up over
certain regions (Fouchet et al., 2007).

It is now interesting to comment on the maximum in the water
vapour abundance during the north summer (Fig. 9). Clearly, the
biggest H2O densities are at latitudes between 601N and 851N,
centred around 751N. Therefore, the centre of the water distribu-
tion is localized out of the permanent polar cap border, which
spreads to a latitude of about 801N, whereas the seasonal polar cap
is already completely withdrawn at Ls¼901.

Fig. 8. Map of retrieved abundance of water vapour as a function of Solar Longitude

(Ls) and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537, obtained

using spectra averaged in 51 Ls�51 Latitude bins.

Fig. 9. Map of retrieved abundance of water vapour as a function of Longitude and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537, obtained using averaged

spectra in square bins of 101 Longitude�101 Latitude for each season: Ls¼0–901 (northern Spring), Ls¼90–1801 (northern Summer), Ls¼180–2701 (northern Fall) and

Ls¼305–3601 (northern Winter).

G. Sindoni et al. / Planetary and Space Science 59 (2011) 149–162156



4.2. Carbon monoxide: seasonal and geographical behaviour

Since the carbon monoxide is assumed to be uniformly dis-
tributed in the Mars atmosphere, so being independent on the
topography (Smith et al., 2009), we do not need to apply the
topographic correction to its concentration values.

The retrieved concentration of carbon monoxide as a function of
Solar Longitude (Ls) and latitude, as observed by PFS/SWC, from
orbit 634 to orbit 6537, allows us to study its seasonal cycle. The
map obtained, using spectra averaged in 51 Ls�51 Latitude bins, is
shown in Fig. 10.

The mean concentration for the whole dataset results to be
990 ppm with a maximum of 3217 ppm. The standard deviation
over the mean value is about 580 ppm. Since the error in estimating
the mean carbon monoxide concentration is about 220 ppm
(5580 ppm), the big value of the standard deviation indicates, also
in this case, the large spread (even if less strong than for the H2O) in
the carbon monoxide concentration values and therefore its varia-
bility in the Marian atmosphere. The retrieved CO mixing ratio is noisy
because of the weakness of the CO absorption band and the relatively
weak dependence of the absorption on CO mixing ratio. For the same
reason we have sometimes a bad data coverage, due to the impos-
sibility of having a good fit quality. Despite that, from the map we can
see a general seasonal behaviour. Before Ls¼701 there is a CO
concentration of about 900 ppm with a definite increase in the
middle latitudes of the southern hemisphere and over the north
polar cap. From Ls¼701 to 1001 the CO mixing ratio decreases over the
north polar cap (less than 600 ppm) and its maximum value moves
southward. The minimum mean quantity of revealed CO (about
400 ppm or less) is measured between Ls¼1001 and 1301 over the
north polar cap (Latitude¼751–901N). In this period it is evident that
there is a CO concentration gradient that extends from lower values in
the north to higher values (about 980 ppm) in the south. From
Ls¼1301 to 1901 we can observe a new CO maximum zone in the
middle-high latitude (50–901N): here the mixing ratio values are
around 1120 ppm. In the period Ls¼250–2701 the south polar cap
sublimation causes a CO and non-condensable gases depletion (down
to values less than 400 ppm), in an analogous way to what happens in
the summer north pole. Finally, from Ls¼3051 the CO maximum zone
moves toward the equator and at the same time a high CO
concentration is evident in the northern hemisphere.

In order to study the carbon monoxide distribution in the Martian
atmosphere, we used the averaged spectra in square bin of 101

Fig. 10. Map of retrieved concentration of carbon monoxide as a function of Solar

Longitude (Ls) and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537,

obtained using spectra averaged in 51 Ls�51 Latitude bins.

Fig. 11. Map of retrieved concentration of carbon monoxide as a function of Longitude and Latitude as observed by PFS/SWC, from orbit 634 to orbit 6537, obtained using

averaged spectra in square bins of 101 Longitude�101 Latitude for each season: Ls¼0–901 (northern Spring), Ls¼90�1801 (northern Summer), Ls¼180�2701 (northern Fall)

and Ls¼305–3601 (northern Winter).
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Longitude x 101 Latitude for each season. The results obtained for
Ls¼0–901 (Spring), Ls¼90–1801 (Summer), Ls¼180–2701 (Fall) and
Ls¼305–3601 (Winter) are shown in Fig. 11. The CO geographi-
cal variability is characterized by a quite uniform longitudinal
distribution, even if it is clear an asymmetry between the two

hemispheres: during northern spring and summer the carbon mon-
oxide is mainly distributed in the southern hemisphere, while during
northern fall and winter it has a higher mean concentration in the
northern hemisphere. Moreover, no important features seem to
indicate an increase over particular geographical regions.

Fig. 12. Latitudinal trend of the H2O (black) and CO (red) abundances for two orbits of each season: Spring (Orbits 3218, 3234), Summer (Orbits 1012, 1219), Fall (Orbits 1545,

4442) and Winter (Orbits 4777, 4803). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.3. Comparing H2O and CO results

In order to find correlations/anticorrelations in the latitudinal
distribution between water vapour and carbon monoxide, we
compared the orbital latitudinal trend for a few orbits of each
season. For this purpose we used the ‘‘orbital dataset’’ and we
expressed both gaseous concentrations in mixing ratios. The orbits
selected as examples of the general seasonal latitudinal trend are:
3218 (Ls¼78.41) and 3234 (Ls¼80.31) for northern Spring, 1012
(Ls¼109.21) and 1219 (Ls¼136.51) for northern Summer, 1545
(Ls¼184.91) and 4442 (Ls¼261.21) for northern Fall, and 4777
(Ls¼318.21) and 4803 (Ls¼322.31) for northern Winter. The
latitudinal trend of H2O and CO concentrations for these orbits is
shown in Fig. 12. Choosing individual orbits instead of mean orbital
profiles for this kind of study is useful to demonstrate that we are
able to maintain a good temporal and spatial resolution in
retrieving the gaseous concentrations. The single orbit trends are
representative of their own seasonal trends and this is clear
comparing them with the averaged ones: in Fig. 13 we show, as
examples, the mean latitudinal trends retrieved between Ls¼901
and 1201 (early northern summer) and between Ls¼2401 and 2701
(late northern fall).

We can start from the first two orbits, 3218 and 3234, examples
of the late Spring latitudinal trend. We see the H2O enhancement
over the northern polar cap region due to the seasonal polar cap
sublimation and a corresponding relatively weak depletion of CO in
the same region. We find an opposite behaviour in the southern
hemisphere, where the coming of the southern polar cap con-
densation causes an enhancement, as we have already said, of non-
condensable gases, including CO, and an H2O values of less than
100 ppm in the same region with its maximum centred around
751N, in agreement with our data obtained analysing the ‘‘bin
dataset’’ (Section 4.1).

Following the annual evolution we have the Summer season. For
this period we have selected the orbits 1012 and 1219. During the
Summer, the latitudinal trend already noticed in the Spring
becomes now stronger, as an effect of the more intense north
polar cap sublimation and south polar cap condensation processes.
For Ls¼109.21 (orbit 1012), over the northern polar cap, we find a
water vapour maximum of about 600 ppm and lower values of CO
mixing ratio (about 550 ppm), while, in the southern hemisphere
around 201S, the CO enhancement and the H2O depletion do not
seem to be very different than during the Spring season. For
Ls¼136.51 (orbit 1219) the latitudinal trend becomes weaker again
because the water vapour amount begins to move southward, even
if the sublimation/condensation processes remain quite evident.

During the Fall season, orbit 1545 shows a relative flattening of
the latitudinal distribution of the two gaseous species, even though
we can note a weak increase of the CO mixing ratio toward the
north pole and of the H2O toward the south pole. This trend
becomes more clear in the latitudinal distribution of water vapour
and carbon monoxide during the late Fall (orbit 4442) and the
Winter (orbits 4777 and 4803), when the sublimation of the
southern polar cap causes an increase of water vapour (maximum
of about 700 ppm at 831S), while the CO concentration grows
northward.

Therefore, from latitudinal orbital study it is possible to confirm
the H2O and CO seasonal behaviour already shown in the : their
tendency is to be generally anticorrelated.

The relationship between water vapour and carbon monoxide in
the Mars atmosphere will have a dedicated paper with more
details.

5. Discussion

The seasonal cycle of water vapour obtained from this analysis
was observed also by other instruments, as MAWD (Jakosky and
Farmer, 1982), TES (Smith, 2004), SPICAM (Fedorova et al., 2006),
PFS/LWC (Fouchet et al., 2007) and PFS/SWC (Tschimmel et al.,
2008), and CRISM (Smith et al., 2009). Tschimmel et al. (2008)
studied the water vapour distribution during the period between
Ls¼3311 of MY 26 and Ls¼1961 of MY 27, analysing its 2.6 mm
absorption band. Despite their dataset does not overlap in time
with ours, it is possible to compare the mean H2O behaviour. They
observed the maximum value of water vapour abundance of about
60 pr. mm over the sublimating northern polar cap and the typical
seasonal cycle, just in agreement with our results. Also their
geographical distribution shows the water vapour behaviour we
observed, but the local maxima over Arabia Terra and Tharsis are
about one and a half time higher than in our maps, while the
maxima values, centred around the latitude of 751N, over the
northern polar cap during its summer are in good agreement with
our measurements. Since results by Tschimmel et al. (2008) are
referred to a period in which the sublimation of the northern polar
cap dominates, their average column density of 16.2 pr. mm is
higher than our mean value (9.6 pr. mm).

Unfortunately, at the time of this writing only CRISM data can be
compared with our data because these are the only data corre-
sponding in time (MY 28–29) to our observations. CRISM measures
a water vapour maximum during the northern hemisphere sum-
mer at high latitude. Its value is about 50 pr. mm and it is in

Fig. 13. Examples of mean latitudinal trends retrieved between Ls¼901 and 1201 (early northern summer) (left) and between Ls¼2401 and 2701 (late northern fall) (right).
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agreement with our maximum value of 59 pr. mm. The location of
the centre of the water vapour distribution out of the permanent
polar cap border during the northern summer (Section 4.1) is
explained by Montmessin et al. (2004) suggestion: the water
vapour produced by the seasonal polar cap sublimation is partly
carried by the circulation toward the pole and redeposited on the
permanent polar cap, whereas the remaining H2O is carried by the
atmospheric dynamics toward the equatorial regions, where it
forms the ‘‘Equatorial Cloud Belt’’. After that, in the centre of the
summer (about Ls¼1101), even the ice created by the H2O
redeposited in the permanent polar cap sublimates, producing
the peak that we observe in the maps.

In the southern summer, instead, CRISM data show a reduced
water vapour abundance if compared to observations from pre-
vious years. These low values are due to the fact that Smith et al.
(2009) studied only the MY 28 southern summer: in this year,
between Ls¼2701 and 3051 there was a planet-encircling dust storm,
which is known to produce significant changes of the atmospheric
state (Smith, 2002) and of the surface albedo (Smith, 2004), resulting
in the absence of the southern summer maximum. A similar effect
was already noticed by TES data during the MY 25 dust storm (Smith,
2002) and by Viking Orbiter MAWD during the MY 12 dust storm
(Fedorova et al., 2004). The normal water vapour trend in the southern
hemisphere summer was shown for MY 24–25–26 by TES (Smith,
2002) and for MY 27 by Mars Express SPICAM (Fedorova et al., 2006)
and OMEGA (Maltagliati et al., 2008). Our data, out of the global dust
storm, show between Ls¼3051 and 3401 a maximum value of 22.8 pr.
mm over the south polar cap: this lower value compared to the
northern summer one is explained by the shorter summer in the
southern hemisphere, so the water vapour sublimation is hindered by
the presence of a layer of CO2 ice for most of the cap. Moreover, also
the apparent partial H2O geographical confinement in the northern
hemisphere, probably due to the global circulation, could have a role
in this evidence.

The CO seasonal trend as retrieved by our PFS data shows the
same latitudinal gradient in the northern hemisphere summer
observed by Smith et al. (2009) with CRISM and Krasnopolsky
(2003) with the IRTF/CSHELL spectrograph. At Ls¼1121 Krasno-
polsky measured a CO gradient increasing from north of 231N
latitude (about 830 ppm) to south (about 1250 ppm at 451S
latitude), while Smith et al. (2009) revealed a CO mixing ratio
gradient from about 450 ppm poleward of 301N to 700 ppm at 301S.
Our measurement provides for the same period a gradient varying
from about 270 ppm in the 75–901N latitude to about 1250 ppm in
the 30–451S latitude. This hemispheric asymmetry is due to the
condensation of the CO2 gas in the south polar cap, which would
lead to an enhancement in non-condensable gases, such as carbon
monoxide, in the southern polar atmosphere. At the same time, the
sublimation of the northern polar cap leads to a non-condensable
gas depletion causing the strong reduction of the CO mixing ratio.
In the same way, but in the opposite hemisphere, during the
northern winter we see an enhancement in the CO mixing ratio,
while over the south pole we observe a CO depletion due to the ice
sublimation. This CO behaviour during the northern winter has also
been observed by Billebaud et al. (2009), but they show results for
only 90 PFS/MEX orbits, between Ls¼331.171 and 51.611, measur-
ing 1110 ppm for the CO mixing ratio averaged over their entire
data sample. This mean value is slightly higher than the values
determined in our and previous works, probably because it refers to
a limited dataset. Comparing their CO mixing ratio trends as a
function of latitude for three Ls ranges (Ls¼331–3601, 0–301 and
30–521) with our mean latitudinal trends for the same periods, we
find an agreement for the first two trends, although with a 40%
higher mean concentration in our data, but an opposite behaviour
for the range Ls¼30–601. In this period we measure a gradual
decrease of the CO concentration between 401S and 01S in latitude

and a quite constant value of about 1000 ppm going northward up
to 801N, while Billebaud et al. (2009) reveal a gradual increase up to
01 and a quite constant concentration value around 1000 ppm in
the northern hemisphere. These differences could be due to the
different dataset analysed and so to the interannual variations in
the Mars atmosphere. Billebaud et al. (2009) studied also the trends
of the CO mixing ratio as a function of geographical longitude for
three latitudinal ranges (901S–301S, 301S–301N and 301N–901N).
Comparing these results with our mean trends, we find a very good
agreement both in the trends themselves and in the mean con-
centrations values. Moreover, we observe in the exact same
positions the local CO maxima (around 1251W, 501E and 1501E),
probably due to planetary waves.

The LMD/GMC model expects that the mixing ratio of non-
condensable gases over Hellas basin should reach two times higher
values than the mean ones during the summer and a minimum
concentration during the winter (Encrenaz et al., 2006). This effect
should be due to the isolation of this zone with respect to local
vortex. This CO enhancement over Hellas basin has been confirmed
by OMEGA/MEX data (Encrenaz et al., 2006) and CRISM/MRO
(Smith et al., 2009), but not by the ground-based IRTF/CSHELL data
analysed by Krasnopolsky (2003, 2006), which do not show
significant variations between the atmosphere in and out the
basin. So our observations of the Hellas basin agree with Krasno-
polsky’s. Moreover, Krasnopolsky (2003) revealed an asymmetry
between the northern and southern hemisphere, measuring a CO
increasing up to 50% from 231N (830 ppm) to 501S (1240 ppm). This
effect is interpreted as a consequence of the CO2 condensation
during the polar winter, which leads to an atmospheric enhance-
ment of non-condensable gases. This enhancement effect has also
been observed by the Mars Odyssey GRS instrument through the
study of argon distribution in the Mars atmosphere (Sprague et al.,
2004, 2007). We measure a depletion of about 70% over the
summer northern polar cap, while over the summer southern
polar cap we find a depletion of about 50% with respect to the
planetary mean value. The different weight of the depletion should
be due to the different duration of the summer season in the two
hemispheres (178 days in the north and 154 days in the south).

The models (Forget et al., 2006; Nelli et al., 2007; Lef�evre and
Forget, 2009) also confirmed that the CO2 condensation on the
winter polar cap causes an increase of the non-condensable gases
mixing ratio, and in a similar way, the sublimation from the
summer polar cap produces a depletion of non-condensable gases.
But, the NASA GCM (General Circulation Model) (Nelli et al., 2007)
seems to underestimate the strength and the duration of the
depletion, while the LMD model (Forget et al., 2008; Lef�evre and
Forget, 2009) seems to underestimate only the duration of the
depletion, when these previsions are compared with our data and
with CRISM data.

Finally, comparing H2O and CO results we can conclude that
these two gaseous species are generally anticorrelated. The main
cause of this anticorrelation is the following: the water vapour
being a condensable species and the carbon monoxide a non-
condensable one, they are strongly influenced in an opposite way
by the processes of condensation and sublimation in the polar caps.

6. Conclusions

We have studied the concentration trend of two very important
minor species in the Mars atmosphere: water vapour and carbon
monoxide. We used observations acquired for more than two and a
half Martian years (MY 27–28–29) with Mars Express PFS
instrument.

The water vapour retrieval revealed the same seasonal beha-
viour already observed by TES and other instruments, as PFS and
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CRISM. The mean global value is 9.6 pr. mm and we measure a
maximum water vapour concentration of about 59 pr. mm during
the northern summer in the atmosphere over the north polar cap, in
agreement with CRISM and all other observational data. After the
sublimation of the northern polar cap we observe the water vapour
migration toward tropical regions. A similar behaviour is evident in
the southern hemisphere: the polar cap sublimation during its
summer causes an enhancement of the atmospheric content of
water vapour.

Our study of the CO concentrations in the Mars atmosphere led
us to observe large variations strictly bound by the condensing and
subliming processes in the polar caps. We measured a mean CO
mixing ratio of about 990 ppm, but when the summer polar cap
sublimes, releasing CO2 in the atmosphere, we can see a very strong
CO depletion (down to values less than 400 ppm). An opposite
behaviour is expected over the winter polar cap, when the CO2

condenses causing an atmospheric enrichment of non-condensable
gases such as carbon monoxide. This trend is indicated by our data,
but unfortunately the PFS/SWC can study carbon monoxide only
during daytime, thus we have poor information about the atmo-
sphere over the winter polar cap.

Future observations will be useful for a better characterization
of the Mars atmospheric composition and climatology. It also will
be possible to search for possible new sources and sinks for these
gases and their mutual interactions.
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Montmessin, F., Forget, F., Lebonnois, S., Atreya, S.K., 2008. Simultaneous
mapping of H2O and H2O2 on Mars from infrared high-resolution imaging
spectroscopy. Icarus 195, 547–556.

Esposito, F., Giuranna, M., Maturilli, A., Palomba, E., Colangeli, L., Formisano, V., 2006.
Albedo and photometric study of Mars with the Planetary Fourier Spectrometer
on-board the Mars Express mission. Icarus 186, 527–546.

Fast, K.E., Kostiuk, T., Lef�evre, F., Hewagama, T., Livengood, T.A., Delgado, J.D., Annen,
J., Sonnabend, G., 2009. Comparison of HIPWAC and Mars Express SPICAM
observations of ozone on Mars 2006–2008 and variation from 1993 IRHS
observations. Icarus 203, 20–27.

Fedorova, A.A., Rodin, A.V., Baklanova, I.V., 2004. MAWD observations revisited:
seasonal behavior of water vapor in the Martian atmosphere. Icarus 171,
54–67.

Fedorova, A.A., Korablev, O., Bertaux, J.-L., Rodin, A., Kiselev, A., Perrier, S., 2006.
Mars water vapor abundance from SPICAM IR spectrometer: seasonal
and geographic distributions. J. Geophys. Res. 111, E09S08. doi:10.1029/
2006JE002695.

Fiorenza, C., Formisano, V., 2005. A solar spectrum for PFS data analysis. Planet.
Space Sci. 53, 1009–1016.

Forget, F., Montabone, L., Lebonnois, S., 2006. Non-condensable gas enrichment and
depletion in the Martian polar regions. In: Proceedings of the Second Workshop
on Mars Modeling and Observations, Granada, Spain.

Forget, F., Millour, E., Montabone, L., Lef�evre, F., 2008. Noncondensable gas
enrichment and depletion in the Martian polar regions. In: Proceedings of
the Third Workshop on Mars Modeling and Observations, Williamsburg,
Virginia.

Formisano, V., Grassi, D., Orfei, R., Biondi, D., Mencarelli, E., Mattana, A., Nespoli, F.,
Maturilli, A., Giuranna, M., Rossi, M., Maggi, M., Baldetti, P., Chionchio, G., Saggin,
B., Angrilli, F., Bianchini, G., Piccioni, G., di Lellis, A., Cerroni, P., Capaccioni, F.,
Capria, M.T., Coradini, A., Fonti, S., Orofino, V., Blanco, A., Colangeli, L., Palomba,
E., Esposito, F., Patsaev, D., Moroz, V., Zasova, L., Ignatiev, N., Khatuntsev, I.,
Moshkin, B., Ekonomov, A., Grigoriev, A., Nechaev, V., Kiselev, A., Nikolsky, Y.,
Gnedykh, V., Titov, D., Orleanski, P., Rataj, M., Malgoska, M., Jurewicz, A., Blecka,
M.I., Hirsh, H., Arnold, G., Lellouch, E., Marten, A., Encrenaz, T., Lopez Moreno, J.,
Atreya, S., Gobbi, P., 2004. PFS: the Planetary Fourier Spectrometer for Mars
Express. In: Wilson, A., Chicarro, A. (Eds.), ESA Special Publication, vol. 1240. ESA
Publications Division, Noordwijk, pp. 71–94.

Formisano, V., Angrilli, F., Arnold, G., Atreya, S., Bianchini, G., Biondi, D., Blanco, A.,
Blecka, M.I., Coradini, A., Colangeli, L., Ekonomov, A., Esposito, F., Fonti, S.,
Giuranna, M., Grassi, D., Gnedykh, V., Grigoriev, A., Hansen, G., Hirsh, H.,
Khatuntsev, I., Kiselev, A., Ignatiev, N., Jurewicz, A., Lellouch, E., Lopez Moreno,
J., Marten, A., Mattana, A., Maturilli, A., Mencarelli, E., Michalska, M., Moroz, V.,
Moshkin, B., Nespoli, F., Nikolsky, Y., Orfei, R., Orleanski, P., Orofino, V., Palomba,
E., Patsaev, D., Piccioni, G., Rataj, M., Rodrigo, R., Rodriguez, J., Rossi, M.,
Saggin, B., Titov, D., Zasova, L., 2005. The Planetary Fourier Spectrometer
(PFS) onboard the European Mars Express mission. Planet. Space Sci. 53,
963–974.

Fouchet, T., Lellouch, E., Ignatiev, N.I., Titov, D., Tschimmel, M., Formisano, V.,
Giuranna, M., Maturilli, A., Encrenaz, T., 2007. Martian water vapor: Mars
Express PFS/LW observations. Icarus 190, 32–49.

Gamache, R.R., Neshyba, S.P., Plateaux, J.J., Barbe, A., Régalia, L., Pollack, J.B., 1995.
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